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Abstract 

This thesis describes the development of biosensing systems 
incorporating eukaryotic cells. The ultimate objective of this work was to 
design devices capable of rapidly assessing the toxicity of effluents and 
environmental pollutants. Although much work remains to be done in order to 
achieve this goal, the work reported here demonstrates, in principle, the 
approaches adopted. 
The first approach exploited the reducing nature of healthy biological 
cells. So called 'redox mediated whole cell biosensors' have been described 
before. In this work, an algal toxicity test of short duration was developed and 
sensors incorporating cultured fish cells were described for the first time. The 
sensitivity of biosensors incorporating the green alga Selenastrum 
capricornutum, to diuron and pentachlorophenol, was found to compare 
favourably with that from other standard ecotoxicological tests. However, 
although the sensitivity of biosensors incorporating immobilised BF-2 fish 
cells was found to compare well with that of other fish cell-based toxicity 
tests, it appeared that whole organism tests were much more sensitive to the 
compowlds tested. 
The second approach involved the genetic manipulation of fish cells in 
.. 
order to incorporate luminescent reporter genes. Although this work is less 
well advanced, it demonstrates that the luc reporter gene can be successfully 
inserted into BF -2 fish cells and that these transformed cells can produce a 
luminescent response when incubated with luciferin substrate. Preliminary 
investigations have indicated that the sensitivity of luc-transformed BF-2 cells 
to 4-chlorophenol is comparable to that of some standard whole organism 
ecotoxicological tests and although much work is still required to validate this 
approach, it could eventually provide a simple, sensitive and rapid route to 
toxicity assessment. 
Acknowledgements 
My sincerest thanks go to all who helped me along the way to the end 
of this arduous task, especially my two supervisors at Luton, Prof. D.M . 
. Rawson and Dr. B.G.D. Haggett, without whose constructive input it could not 
have been possible. I would also like to extend my thanks to Dr. Roy 
Thompson and ZENECA Ltd. for additional support and financial backing of 
this PhD project; and to Dr. Janet Jansson, Dr. Einar Hallberg and Henrik 
S5derqvist from the University of Stockholm, whose collaborative input and 
expertise were invaluable to this project. 
On a more personal note, I thank my parents for their much valued 
financial support and encouragement. Additionally, I would like to thank all 
those in the Sensor & Cryobiology Group past and present, who have 
supported me with many kind words and large quantities of alcohol during my 
time at Luton, and have tolerated my tantrums and sulks, particularly, 
Jonathan Rogerson, Mark Wickens, Sarah Cartwright and Steve Sprules. 
Finally, I thank those friends of mine, who over this last, most difficult year, 
have provided valuable emotional support, both during the best and worst of 
times, especially Y o shiko , Karen and James. 
Abbreviations 
Media and Constituents: 
BG-l1 
DMEM 
FCS 
GMEM 
MMEM 
PBS 
Cell Lines: 
BB 
BF-2 
CCB 
COS-7 
EPC 
FHM 
GFS 
HeLa 
OLF-136 
Rl 
RTG-2 
Mediators: 
BQ 
DCPIP 
DMBQ 
FeCN 
blue-green algal medium 
Dulbecco's modified Eagle medium 
foetal calf serum 
minimal essential medium for growth 
minimal essential medium for maintenance 
phosphate-buffered saline 
brown bullhead 
bluegill sunfish fibroblast 
carp brain 
monkey kidney 
epitheliomum papulomum cyprini (carp epithelium) 
fathead minnow epithelium 
goldfish scale 
human cervix epitheloid carcinoma 
medaka fin 
rainbow trout fibroblasts 
rainbow trout gonad 
p-benzoquinone 
dichlorophenolindophenol 
2,6-dimethylbenzoquinone 
potassium ferricyanide 
Toxicants: 
4-CP 
DCMU 
DCP 
OP 
PAH 
PCP 
TBT 
Genetic: 
CAT I cat 
GFP I gfp 
LUC Iluc 
LUX I lux 
MT IMtn 
Organisations: 
ECACC 
EEC 
EPA 
ISO 
NRA 
OECD 
SCRG 
Miscellaneous: 
DMSO 
NR 
PET 
QSAR 
4-chlorophenol 
3-(3,4-dichlorophenyl)-1 >I-dimethylurea 
dichlorophenol 
organophosphate 
polyaromatic hydrocarbon 
pentachlorophenol 
tributyl tin 
chloranlphenicol acetyltransferase protein / gene 
green fluorescent protein / gene 
eukaryotic luciferase protein / gene 
prokaryotic luciferase protein I gene 
metallothionein I metallothionein promoter 
European Collection of Animal Cell Cultures 
European Economic Community 
Environmental Protection Agency 
International Organisation for Standardisation 
National Rivers Authority 
Organisation for Economic Co-operation and Development 
Sensor and Cryobiology Research Group, University ofLuton 
dimethylsulphoxide 
neutral red 
photosynthetic electron transport 
quantitative structure-activity relationship 
Contents 

1 Introduction 	 1 

1.1 Current Awareness and Future Needs in Toxicity Testing 3 

1.2 Biosensors For Toxicity Testing 	 6 

1.2.1 Whole Cell Biosensors For Toxicity Testing 	 6 

1.3 Redox Mediated Biosensors 	 8 

1.4 Luminescent Reporter Genes as Tools in Toxicity Assessment 9 

1.5 Summary 	 10 

2 Background 	 11 

2.1 	 Biosensors for Environmental Monitoring and Toxicity 

Assessment 11 

2.1.1 Redox Mediators 	 11 

2.1.2 Transducer Selection 	 14 

2.1.3 Biocatalyst Selection 	 15 

2.1.4 Whole Cell Biosensors 	 19 

2.1.4.1 The Use of Photosynthetic Cells in Biosensors 	 19 

2.1.4.2 The Use of Selenastrum capricornutum in Ecotoxicology 21 

2.2 Toxicity Testing with Fish Cells 	 23 

2.2.1 Introduction 	 23 

2.2.2 Choice of Cell Line 	 24 

2.2.3 In Vitro Toxicity Testing With Fish Cell Lines 	 27 

2.2.4 Correlation With Whole Fish Toxicity and QSAR Studies 29 

2.2.5 Limitations and Complications of In Vitro Testing Techniques 30 

2.2.6 Conclusions 	 32 

» 
2.3 Luminescent Genes as Tools in Toxicity Assessment 	 33 

2.3.1 	 Exploitation of Naturally Lwninescent Organisms in Toxicity 

Testing 33 

2.3.2 	 Advantages ofUsing Genetically Engineered Luminescent 

Organisms 34 

2.3.3 	 Green Fluorescent Protein (GFP) 36 

2.3.3.1 Structure and Properties ofGFP 	 36 

2.3.3.2 Uses ofgjjJ-Labelled DNA 	 37 

2.3.3.3 GFP as a Tool in Molecular Biology 	 38 

2.3.4 Luciferase Reporter Genes (lue/lux) 	 39 

2.3.4.1 	 Structure and Properties of Luciferase Reporter Genes 39 

2.3.4.2 	 Use of luc and lux as Reporter Genes in Molecular 

Biology 41 

2.3.4.3 	 Advantages of luc as a Reporter Gene 42 

2.3.5 Bioluminescence and Environmental Toxicology 	 44 

2.3.6 Conclusions 	 47 

3 Materials and Methods 	 49 

3.1 Selenastrum capricornutum Biosensors For Toxicity Assessment 49 

3.1.1 Introduction 	 49 

3.1.2 General Procedures 	 50 

3.1.2.1 	 Growth, Maintenance and Harvesting of Cells . 50 

3.1.2.2 	 Sensor Construction and Electrochemical Measurements 50 

3.1.2.3 	 Data Analyses 51 

3.1.3 Optimisation ofSelenastrum capricornutum Biosensors 54 

3.1.4 Redox Mediators 	 56 

3.1.5 Toxicity Assessments 	 56 

3.1.6 Cryopreservation ofSelenastrum capricornutum Biosensors 56 

-

3.2 Fish Cell Biosensors For Toxicity Assessment 58 

3.2.1 Introduction 58 

3.2.2 General Procedures 59 

3.2.2.1 Growth and Maintenance of Cells 59 

3.2.2.2 Harvesting of Cells 59 

3.2.2.3 Sensor Construction 60 

3.2.2.4 Electrochemical Measurements 60 

3.2.2.5 Data Analyses 60 

3.2.3 Optimisation ofFish Cell Biosensors 61 

3.2.3.1 Bathing Media Optimisation 61 

3.2.3.2 Redox Mediators 62 

3.2.3.3 Cell Loading Density 62 

3.2.4 Toxicity Assessments 63 

3.2.4.1 Biosensor Toxicity Assessments 63 

3.2.4.2 Pre-Exposure ofBF-2 Biosensors to Toxicants 64 

3.2.4.3 Neutral Red Retention Assay Toxicity Assessments 64 

3.3 Luminescent Reporter Genes as Tools in Toxicity Assessment 66 

3.3.1 Introduction 66 

3.3.2 Construction of Plasmid DNA Containing the luc Gene 68 

3.3.2.1 Cloning Strategy 68 

3.3.2.2 Digestion and Preparation of Vector DNA 68 

3.3.2.3 Digestion of Source DNA 70 

3.3.2.4 Precipitation ofDNA and Ligation 71 

3.3.2.5 Electroporation ofConstructs and Isolation of Colonies 72 

3.3.2.6 Luciferase Assay Using E. coli Cells 73 

3.3.2.7 Plasmid DNA Recovery and Purification from E. coli 73 

3.3.2.8 Confirmation of Successful Cloning 76 

3.3.3 Transformation ofEukaryotic Cells 77 

3.3.3.1 Growth, Maintenance and Harvesting ofCells 77 

3.3.3.2 Plasmid Constructs 77 

3.3.3.3 Calcium-Mediated Transfection ofBF-2 Cells 78 

3.3.3.4 Lipid-Mediated DNA Transfer (Lipofection) in BF-2 and 
COS-7 Cells 79 
3.3.3.5 Electroporation ofBF-2 Cells 81 
3.3.3.6 Preparation of Slides For Direct Viewing 81 
3.3.3.7 Preparation of Slides For Antibody Labelling 82 
3.3.4 Luciferase AssayUsillg BF-2 Cells 84 
3.3.5 Toxicity of4-Chlorophenol to Transformed BF-2 Cells 84 
4 Selenastrum capricornutum Biosensors For Toxicity Assessment 86 
4.1 Generation ofa Biosensor Response Using Selenastrum 
capricornutum 86 
4.1.1 Introduction 86 
4.1.2 Initial Investigations with Selenastrum capricornutum as a 
Biosensor Biocatalyst 86 
4.2 Optimisation of Selenastrum capricornutum Biosensors 91 
4.2.1 Effect of Culture Age on Biosensor Response 91 
4.2.2 Bathing Media 92 
4.2.3 Redox Mediators 97 
4.3 Continuous Monitoring of Selenastrum capricornutum Biosensor 
Responses 100 
4.4 Toxicity Assessment Using Selenastrum capricornutum 
Biosensors 101 
4.5 Cryopreservation of Selenastrum capricornutum Biosensors 106 
4.5.1 Responses ofSelenastrum capricornutum Electrodes 
Following Cryopreservation and Thawing 106 
4.5.2 	 Responses of Thawed Selenastrum capricornutum Electrodes 

to Toxicant Exposure 108 

4.6 Summary of Selenastrum capricornutum Biosensor Investigations 109 

4.6.1 	 General Summary 109 

4.6.2 	 Standard Conditions for Selenastrum capricornutum 

Biosensor Investigations 111 

5 Fish Cell Biosensors For Toxicity Assessment 	 113 

5.1 Optimisation of Fish Cell Biosensors 	 113 

5.1.1 Introduction 	 113 

5.1.2 Bathing Media Optimisation 	 113 

5.1.3 Redox Mediators 	 118 

5.1.4 Cell Loading Density 	 130 

5.1.4.1 Effect ofeell Density on Biosensor Response 	 130 

5.1.4.2 Effect of Cell Density on Biosensor Response to Toxicants 134 

5.1.5 Standard Conditions for BF-2 Biosensor Investigations 135 

5.2 Toxicity Assessments 	 136 

5.2.1 Biosensor Toxicity Assessments 	 136 

5.2.2 Neutral Red Assays 	 139 

5.2.3 Pre-Exposure ofBF-2 Biosensors to Toxicants 	 144 

5.2.4 Mathematical Modelling of Biosensor Data 	 145 

5.2.5 Summary ofToxicity Investigations 	 147 

6 Luminescent Reporter Genes as Tools in Toxicity Assessment 148 

6.1 Introduction 	 148 

6.2 	 Assessment of Plasmid DNA Construction 151 
6.3 	 Transformation of Eukaryotic Cells 152 

6.3.1 	 Calcium-Mediated Transfection ofBF-2 Cells 152 

6.3.2 	 Lipid-Mediated DNA Transfer (Lipofection) in BF-2 and 

COS-7 Cells 159 

6.3.3 	 Electroporation ofBF-2 Cells 162 

6.4 	 Toxicity of 4-Chlorophenol to luc-Transformed BF-2 Cells 163 

7 Discussion 	 167 

7.1 	 A Reiteration of Aims 167 

7.2 	 Biosensors Incorporating Selenastrum capricornutum for Toxicity 

Assessment 168 

7.3 	 Fish Cell Biosensors for Toxicity Assessment 170 

7.4 	 Luminescent Reporter Genes as Tools in Toxicity Assessment 171 

7.5 	 Further Points for Discussion 173 

7.5.1 	 Batch Uniformity of Biosensor Electrodes 173 

7.5.2 	 Mediator Toxicity to the Biocatalyst 174 

7.5.3 	 Toxicant Exposure Time and ECso Calculation 176 

7.5.4 	 Sensitivity of Cell-Based Bioassay Techniques and Their Role 

in Toxicity Assessment 177 

8 References 	 181 

Figures 
Figure 2.1: The action of lipophilic and lipophobic mediators in contact 
with a micro-organism and the working surface of an 
electrode 11 
Figure 3.1: Flow diagram to illustrate biosensor construction 51 
Figure 3.2: A single current peak obtained from a Selenastrum 
capricornutum biosensor 52 
Figure 3.3: Schematic of the pCI vector into which the luc gene was 
cloned 66 
Figure 3.4: Schematic of the pUC181uc plasmid from which the luc 
gene was isolated 67 
Figure 3.5: Flow diagram showing the step-wise procedure involved in 
the cloning and preparation of a luc pcDNA construct 69 
Figure 3.6: Diagram to illustrate the placement of cover slips and 
solutions used for antibody labelling 83 
Figure 4.1: Illustration of the expected response from S. capricornutum 
biosensors following mediator addition and illumination 87 
Figure 4.2: Triplicate biosensor responses obtained using 
S. capricornutum exposed to ferricyanide and p-benzo­
quinone mediators and periodic illumination 88 
Figure 4.3: S. capricornutum biosensor responses following pre-
exposure to p-benzoquinone mediator 90 
Figure 4.4: Biosensor response as a function of the age of the cells 
harvested from a culture of S. capricornutum 92 
Figure 4.5: Response ofS. capricornutum biosensors in buffered media 94 
Figure 4.6: Response ofS. capricornutum biosensors in constant ionic 
strength BO-11 media, buffered with varying 

concentrations of phosphate 95 

Figure 4.7: Response ofS. capricornutum biosensors in phosphate ­
Figure 4.8: Response ofS. capricornutum biosensors to varying 

Figure 4.9: Response ofS. capricornutum biosensors to varying 

Figure 4.10: S. capricornutum biosensor response to addition of 

buffered BO-l1 media ofvarying ionic strength 96 

concentrations of 2,6-dimethylbenzoquinone 98 

concentrations ofp-benzoquinone 99 

p-benzoquinone during continuous illumination 101 

Figure 4.11: Exposure ofS. capricornutum biosensors to diuron 102 

Figure 4.12: Exposure of S. capricornutum biosensors to penta­

chlorophenol 102 

Figure 4.13: Inhibition ofS. capricornutum biosensors by the herbicide 

Figure 4.14: Inhibition of S. capricornutum biosensors penta­

Figure 4.15: Response of fresh and thawed S. capricornutum biosensors 

Figure 4.16: Response of fresh and thawed S. capricornutum biosensors 

diuron 103 

chlorophenol 103 

to mediator addition 107 

to an addition of mercuric chloride 108 

Figure 5.1: Response ofBF-2 biosensors bathed in MMEM or PBS to 
different mediator concentrations 114 

Figure 5.2: Response ofBF-2 biosensors to additions of increasing 
concentrations ofglucose to the bathing media 115 

Figure 5.3: Response ofBF-2 biosensors to additions ofeither lactate 
or glucose to the bathing media 116 

Figure 5.4: Response ofBF-2 biosensors to additions of increasing 
equal concentrations of lactate and glucose together to the 
bathing media 117 

140 
145 
Figure 5.5: Response ofBF-2 biosensors bathed in PBS supplemented 
with a combination of lactate and glucose or glucose alone 117 

119 
Figure 5.7: BF-2 biosensor response achieved using dichlorophenol-
Figure 5.6: BF-2 biosensor response achieved using menadione 

indophenol 121 

Figure 5.8: BF-2 biosensor response achieved using p-benzoquinone 122 

Figure 5.9: BF-2 biosensor response achieved using 2,6-dimethyl­
benzoquinone 124 

Figure 5.10: BF-2 biosensor response achieved using various 

Figure 5.11: Comparison of BF-2 biosensor responses achieved using 

Figure 5.12: Response of BF -2 biosensors to increasing concentrations 

Figure 5.13: Calculation to estimate the number ofBF-2 cells per ml of 

concentrations ofp-BQ with DMBQ 126 

DMBQ alone,p-BQ alone, or both mediators used together 127 

ofDMBQ 128 

sample required to give a theoretical monolayer on an 
alumina filter disc 130 

Figure 5.14: Mean biosensor response 30 minutes after addition of 

Figure 5.15: Mean responses of BF-2 biosensors using a range of cell 

Figure 5.16: Mean percentage inhibition ofBF-2 biosensors exposed to 

mediator with increasing cell density 132 

densities 133 

potassium dichromate. Biosensors loaded using 1 0 ~l 
portions of cell suspensions ofvarying density 134 

Figure 5.18: Percentage inhibition ofBF-2 biosensors by mercuric 

chloride after 30 minutes of exposure 

Figure 5.17: Response ofBF-2 biosensors to mercuric chloride 136 

137 
Figure 5.19: Response of BF-2 biosensors to potassium cyanide 138 
Figure 5.20: Example micro-plate assay results for BF-2 cells exposed 
to increasing concentrations ofpentachlorophenol 
Figure 5.21: Mean response of BF-2 biosensors following 17 h exposure 
to pentachlorophenol 
• 
Figure 6.1: 	 Inhibition of luc-transformed BF-2 cells following 
exposure to increasing concentrations of4-chlorophenol 164 
Tables 

Table 2.1: A summary of mediated cell and enzyme biosensor systems 13 

Table 2.2: Fish cell lines used in toxicity studies 26 

Table 3.1: 	 Ligation reactions set up for the cloned constructs 72 

Table 3.2: 	 Plasmid constructs used for the calcium phosphate-

mediated transfection ofBF-2 cells and methods used to 

view the results ofthe transfection 79 

Table 3.3: 	 Plasmid constructs used for the lipofection of BF -2 and 

COS-7 cells; and methods used to view the results of the 

lipofection 80 

Table 3.4: 	 Antibody labelling regime used for each construct 83 

Table 4.1: 	 A comparison ofS. capricornutum biosensor ECso results 

with those from some other ecotoxicological techniques 105 

Table 5.1: 	 BF-2 cell dilution volumes, with corresponding measured 

cell suspension densities, calculated immobilised cell 

densities and resulting biosensor responses 131 

Table 5.2: Estimated EC values for BF -2 and EPC cell biosensors 

exposed to a range of toxicants 137 

Table 5.3: Neutral red retention assay ECso values from a variety of 

Table 5.4: Comparative data for toxicants tested with BF-2 biosensors 

Table 5.6: Mathematically modelled BF-2 biosensor ECso data 

fish cell lines following exposure to various toxicants 141 

and various other cytotoxicity and whole organism assays 143 

Table 5.5: Summary of ECso values for increasing exposures of BF-2 

biosensors to potassium dichromate and pentachlorophenol 144 

compared to direct BF-2 biosensor ECso values 146 

Table 6.1: Luminescence produced by luc-transformed BF-2 cells 
following exposure to increasing 4-chlorophenol 
concentrations for either 5 or 30 minutes 163 
Table 6.2: Comparison ofECso and LCso data for 4-chlorophenol from 
different toxicity measurement techniques, incorporating a 
variety of cell lines and organisms 165 
Table 7.1: Summary of standardised criteria for the operation of 
S. capricornutum biosensors 168 
Table 7.2: Summary of standardised criteria for the operation of BF-2 
fish cell biosensors 170 
Plates 

Plate 1: BF-2 cells seen in phase contrast (x400) 154 

Plate 2: COS-7 cells seen in phase contrast (x400) 154 

Plate 3: COS-7 cells with HOECHST nuclear staining (x400) 155 

Plate 4: BF-2 cells with HOECHST nuclear staining (xl000) 155 

Plate 5: BF-2 cells transformed with pcDNA NEO Cll-gjp showing 

GFP antibody staining (x400) 156 

Plate 6: COS-7 cells transformed with pcDNA NEO Cll-gfp showing 

porn antibody staining (x 1000) 156 

Plate 7: COS-7 cells transformed with pcDNA NEO Cll-gfp showing 

GFP luminescence (x600) 157 

Plate 8: COS-7 cells transformed with pcDNA NEO C11-gfp showing 

GFP luminescence (xl000) 157 

Plate 9: COS-7 cells transformed with pcDNA NEO C11 -gjp showing 

GFP luminescence (x400) 158 

Plate 10: COS-7 cells transformed with pcDNA-3-gjp showing GFP 

luminescence (x400) 158 

Appendices 
Appendix I: Sub-Culturing ofthe Algal Culture Collection 
Appendix IIa: Preparation of Growth and Maintenance Media for Fish 
Cell Culture v 

Appendix IIb: Protocol for the Splitting ofEPe and BF-2 Fish Cell 

Lines Vlll 

Appendix IlIa: Schematic of the pcDNA-3-gffi Plasmid xi 

Appendix IlIe: Schematic of the pcDNA NEO CII gfp Plasmid XlI 

Appendix V: Publication: Redox Mediated Biosensors Incorporating 

Appendix IIIb: Schematic of the pcDNA NEO Plasmid xi 

Appendix IIId: Schematic of the pcDNA NEO CII Plasmid xii 

Appendix IV: Statistical Analyses of Biosensor Responses xiii 

Cultured Fish Cells for Toxicity Assessment XXIV 
The Development of Biosensing Systems Incorporating 

EUkaryotic Cells For Rapid Toxicity Assessment 

1 	 Introduction 
Biosensing has the potential to provide measurement systems that are 
rapid, cheap and simple to use. The aim of the work reported here was to 
develop devices incorporating eukaryotic cells for use as rapid screening tools 
to aid the assessment of effluent and chemical toxicity. The development of 
rapid preliminary screening techniques could help to establish priorities for the 
selection of chemicals to be investigated further using existing 
ecotoxicological protocols, and in addition reduce the time in which potential 
toxicants could be evaluated. This could shorten the decision-making process, 
resulting in more efficient ecotoxicity assessment programmes. To this end 
the research consisted of three parts, all involving the exploitation of 
eukaryotic cells relevant to aquatic ecosystems: 
• 	 development and optimisation of a Selenastrum capricornutum redox­
mediated electrochemical biosensor, 
• 	 incorporation offish cells into redox-mediated electrochemical 

biosensor devices, and 

• 	 development of a genetically-modified fish ce111ine, responding 
optically to pollutant exposure. 
The first two stages utilised electrochemical monitoring techniques to 
monitor cellular metabolic status. Although algae have been utilised in this 
way previously, the interrogation of fish cells by this particular technique was 
noveL The green alga Selenastrum capricornutum was chosen for study in the 
first instance since it was used routinely in regulatory testing procedures 
(OECD-recommended organism) and was of particular interest to ZENECA 
Ltd., who funded the research and performed many routine toxicity 
assessments at their Brixham laboratories. The standard algal growth test 
» 
(OECD, 1984) is performed over 72 h, therefore successful incorporation of 
this alga into biosensors could dramatically decrease both the test time and the 
effort involved in performing the test itself. Previous biosensor research 
incorporating photosynthetic organisms has not been extensive, with most 
studies employing cyanobacterial (e.g. Preuss & Hall, 1995; Rawson et al., 
1987). Additionally, the emphasis appeared to be on the development of 
on-line systems for water quality monitoring (e.g. Pandard et al., 1993) rather 
than on short-term laboratory-based testing and it was felt that improvements 
could be made on these reported biosensor protocols to this end. 
The exploitation of eukaryotic cells such as fish cells, could give a 
useful and rapid indication of the susceptibility of more complex aquatic 
organisms to pollutants. Although invertebrates are probably the most 
abundant group of organisms to be found in aquatic systems, the range of cell 
lines derived from these aquatic eukaryotes is limited (e.g. C6/36 mosquito 
(Aedes albopictus), Klimowski et al., 1996; oyster (Crassostrea virginica), 
Sami et al., 1990; mussel (Mytilus edulis), Comet, 1993). In contrast, a wide 
range of fish cell lines are available commercially (e.g. from ECACC) and 
their use in various cytotoxicity assays has been widely documented (e.g. 
Babich & Borenfreund, 1987a-f), therefore it was felt that biosensors based on 
fish cells would be more practical than those incorporating invertebrate cell 
lines. 
The rationale behind the use of cultured cells is based on the fact that 
the actions of chemicals producing damage and death in an organism are 
ultimately exerted at a cellular level (Ali et aJ., 1993). This view was also 
previously expressed by Ekwall (1983), who purported that the toxicity of 
most chemicals occurred as a consequence of non-specific alterations in 
cellular functions and that these disturbances could then lead to effects on 
organ-specific functions. Consequently he concluded that cell lines and 
I Cyanobacteria are also referred to as blue-green algae. 
2 

cultures could be used to detect fundamental cytotoxicity, manifested through 
metabolic disturbance or membrane damage. 
Comparative studies were undertaken in the research reported here in 

order to determine the similarities between the pattern and magnitude of 

responses obtained from biosensors and conventional bioassays. The research 

then progressed towards the development of an optical monitoring technique. 

This was an attempt to develop a monitoring technique that was less disruptive 

to internal cellular metabolism than the electrochemical method, and to 

increase the sensitivity of the fish cell toxicity assay. 

1.1 Current Awareness and Future Needs in Toxicity Testing 
Much attention has been paid in recent years to the control of toxic 
substances, especially in discharges from wastewater treatment plants and 
from industrial sources. Chemical and physical analyses alone are not 
sufficient to gauge the potential effects of toxicants on aquatic biota, since 
toxicity is a biological phenomenon. Hence, the use of bioassays is essential 
to provide an appropriate assessment of water quality that may be effected by 
discharges composed of single compounds or complex chemical mixtures. 
Toxicity evaluation procedures normally utilise a range of endpoints and 
.. involve a range of test organisms from a variety of taxa, in order to represent 
the sensitivities of the field organisms that may be exposed. 
The Organisation for Economic Co-operation and Development 

(OECD) produces guidelines concerning the minimum data needed to assess 

the effects of chemicals in the environment. Examples of ecotoxicological 

tests that are needed to predict the impacts of released chemicals on 

ecosystems include: fish mortality; impaired reproduction in crustaceans; and 

inhibition of algal growth. Test organisms would normally be chosen from a 

number of taxa, including bacteria (e.g. the Microtox™ assay, incorporating 

3 
I 
I 
___I 
the marine bacterium Photobacterium phosphoreum), algae (e.g. Selenastrum 
capricornutum), invertebrates (e.g. Daphnia) and fish (e.g. rainbow trout or 
fathead minnow). 
There IS a recognised need to supplement conventional 
ecotoxicological testing with rapid, easy to use screening techniques since 
many of the existing tests are time-consuming, labour-intensive and therefore 
expensive. However, these existing whole organism tests are generally more 
sensitive than cell-based bioassays. This is probably due to the fact that an 
organism incorporates a whole range of cell types and organs, to which 
toxicants may be targeted, whereas cell-based systems are more simplistic in 
that they use a single cloned cell type and therefore some mechanisms of toxic 
action may not be detected. For instance some compounds, such as 
benzo(a)pyrene, require biological activation before their toxicity is 
manifested and therefore the cell line used would need to possess significant 
P450 activity in order to perform this transformation. These problems could be 
minimised by choosing appropriate cell types for the detection of different 
classes of compound that have different sites and mechanisms of action 
(e.g. fish cell lines available include hepatocytes, fin cells, epithelial cells, 
gonad and brain cells). 
Another important consideration is that rapid screening assays will 
almost certainly fail to predict effects following prolonged exposure to a 
chemical, since the mechanism of chronic toxicity often differs from the initial 
acute response. Despite the limitations of cell-based bioassays, they can still 
playa. valuable role in acute toxicant screening and the use of rapid tests, such 
as Microtox™, can give an indication of the potential harm posed by 
compounds and effluents, therefore determining whether further testing is 
necessary. Additionally, it may be desirable, on ethical grounds, to reduce the 
number of large organisms, e.g. fish, that are employed in toxicity assessment. 
4 
Some attempts have been made to replace acute whole fish tests with in 
vitro assays incorporating cultured fish cell lines (e.g. neutral red retention 
assay, as used extensively by Babich & Borenfreund, 1987a,b&e) and there 
have been many recent developments in bioassay methods incorporating 
microbial cells, including biosensor devices (e.g. Tothill & Turner, 1996). 
Increased use of cell-based biosensing systems could provide: 
• 	 rapid generation of results and a stronger emphasis on short-term tests 
as opposed to chronic, long-term assessments, 
• 	 an assessment of toxicity based on sub-lethal responses (such as 
metabolic perturbation), 
• 	 a decrease in the use of complex organisms, resulting in easier 
maintenance and manipulation of the biological element used for the 
test, and 
• 	 a move away from macro-scale testing to much smaller scale tests. 
Both the type of assay and the endpoint measurements employed in 
cytotoxicity tests have varied (Balls & Fentem, 1992) but most commonly 
have included inhibition of neutral red retention or inhibition of cell growth. 
Although good correlations have been reported between the results of 
cytotoxicity tests with different endpoints (Borenfreund & Puemer, 1986; 
Dierickx, 1989; Peloux et ai., 1992; Zanetti et ai., 1992), the sensitivities of 
the endpoint measurements and the particular assays used have been shown to 
... 
differ markedly in some cases (Borenfreund & Shopsis, 1985; Reinhardt et al., 
1982; Seibert et ai., 1992). The use of sub-lethal responses to toxicant damage 
(e.g. perturbation of metabolic function) to supplement data obtained from 
existing tests is being viewed as an increasingly favourable approach by 
regulatory agencies (Wharfe & Tinsley, 1995). Sub-lethality and early 
detection of effects can allow the implementation of remedial or preventative 
measures to lessen further impact on ecosystems. 
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1.2 Biosensors For Toxicity Testing 
A biosensor can be defined as an analytical device composed of a 
biocatalytic element (e.g. enzyme, antibody, or whole cell) held in intimate 
contact with a physical transducer (e.g. electrochemical, optical, or acoustic). 
The choice of biocatalyst and transducer will depend on the biosensor 
application and is discussed further in Section 2.1. The use of biosensors for 
toxicity assessment could provide the following advantages: 
• 	 rapid response times and a continuous signal, providing real time 
monitoring, 
• 	 specific identification of certain compounds or classes of 
contaminant in water samples (when using antibodies or enzymes), 
or the measurement of a broad spectrum toxic response to a variety 
of compounds or effluents (when using whole cell biosensors), 
• 	 operation in complex matrices, without the need for prior sample 
clean-up procedures, and 
• 	 possibilities for mass production of low cost devices. 
Moreover, in contrast to many cell-based bioassays that assess the 
health of the cell by measuring rather crude endpoints, such as membrane 
integrity or cell death, whole cell biosensors measure the metabolic status of 
the cell. Observing fluctuations and perturbations in cellular metabolism 
following toxicant addition is a sublethal measurement and therefore a 
potentially more sensitive approach. 
1.2.1 Whole Cell Biosensors For Toxicity Testing 
Most of the whole cell biosensor research to date has employed the use 
of a variety of microbial cells, including bacteria (e.g. Richardson et ai., 1991; 
Tan et al., 1994; Wollenberger et ai., 1994), cyanobacteria (e.g. Rawson et ai., 
1987; Rawson et aZ., 1989; Preuss & Hall, 1995), algae (e.g. Pandard & 
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Rawson, 1993; Pandard et ai., 1993) and yeast (e.g. Riedel et ai., 1995; 

Tanaka et ai., 1994), for the detection of a wide range of contaminants and 

pollutants. In general, cells derived from higher organisms are more difficult 

to manipulate and maintain. The most biologically robust cells are derived 

from less complex organisms, such as yeast, bacteria and algae (Byfield & 

Abuknesha, 1994). In addition, long-term storage and preservation of bacteria 

and cyanobacteria can be achieved simply through freeze-drying techniques 

(Gaisford & Rawson, 1989). Bacterial biosensors could be important with 

respect to certain areas of ecotoxicology, such as the protection of activated 

sludge organisms in sewage treatment works (Vanrolleghem et at., 1994). 

However, these simple organisms do not necessarily indicate the damage that 

may occur to higher plant and animal life present in aquatic systems. 

A move towards the use of eukaryotic cell systems is desirable since it 
is reasonable to assume that these may better reflect the effects of chemicals 
and contaminants on higher organisms, such as fish. Techniques previously 
developed in the exploitation of microbial biosensors could be modified for 
use with different cell types. Aspects such as methods of immobilisation, 
choice of mediator and bathing medium would all need to be optimised for the 
eukaryotic cells in question. Additionally, if such systems are to be used for 
industrial and environmental monitoring in the future, consideration will need 
to be given to bulk production and subsequent storage of electrodes to give a 
... reasonable shelf life, as has been achieved for bacterial electrodes. 
Whole cell biosensors could be employed in a variety of situations, for 

example they could be used to: 

• 	 confirm the presence of suspected toxicants in environmental 
samples, 
• 	 monitor for the appearance of a toxicant, 
• 	 monitor fluctuations in toxicant concentration, 
• 	 monitor changes in toxicity, 
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• detect acute pollution incidents where the exact nature of the threat 
is unknown, and 
• assess toxicity or likely environmental impact. 
The first three points above are analyte-specific and the latter three are 
more broad spectrum applications. 
1.3 Redox Mediated Biosensors 
The majority of the work reported here relates to the monitoring of 
metabolic activity, in eukaryotic cells, using the technique of mediated 
amperometry. Arnperometric biosensors have dominated both research and 
commercial activity to date, largely due to their relative simplicity and 
flexibility (Dennison & Turner, 1995). Amperometry generally employs a 
three-electrode system: a working electrode, to which a controlled potential is 
applied, a reference electrode, and an auxiliary electrode through which 
current flows. However, in this work the biocatalytic components, i. e. the 
cells of interest, were immobilised against the surface of a working electrode, 
the potential of which was fixed with respect to a chloridised silver wire that 
acted as a combined reference and auxiliary electrode. 
Electrochemical mediators are compounds that readily undergo redox 
chemistry. Provided that the reduced form can be electrochemically oxidised 
at the potential applied during amperometry, they can be detected at the 
working electrode surface. However, not all mediators are suitable for use 
with cellular systems. The more lipophobic mediators that cannot penetrate 
cell membranes (e.g. ferricyanide) are suitable for use with Gram-negative 
bacteria which have metabolic events occurring on the surface of their plasma 
membrane. The mediator is able to transfer electrons from these metabolic 
reactions to the working electrode surface. Lipophilic mediators 
(e.g.p-benzoquinone and 2,6-dimethylbenzoquinone) are able to penetrate cell 
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membranes and therefore can be used in combination with Gram-positive 
bacteria, as well as eukaryotic cells (e.g. algae, yeast and fish cells) that have 
redox-active sites only within the cells themselves. 
1.4 	 Luminescent Reporter Genes as Tools in Toxicity 
Assessment 
The move towards the use of fish cells transformed with luminescent 
reporter genes adds another dimension to the biosensor concept in that the 
metabolic status of cells can be measured using a less invasive, optical, 
detection technique rather than electrochemical mediated amperometry. These 
optical measurement systems (e.g. luminometers or scintillation counters) tend 
to have a very high signal to noise ratio and a very high sensitivity. 
Additionally, the use of mediator compounds to shuttle electrons from cells to 
an electrode undoubtedly puts the cells under stress, since electrons are 
channelled away from cellular metabolic processes. Development of a 
monitoring method that is less disruptive to cellular metabolism is desirable. 
The overall objective of the work reported here was to determine whether 
exploitation of the chosen genetic markers could result in a sensitive and 
convenient biosensing technique for toxicity assessment, as an alternative to 
the electrochemical biosensor. 
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1.5 Summary 
The development of biosensing systems based on cultured cells can 
result in tests of short duration that require little laboratory space and operator 
time. In addition to this, cell cultures are often much easier to maintain and 
manipulate than multi-cellular organisms. Compared to traditional bioassays, 
these factors result in less cost, time and operator expertise needing to be 
invested, meaning that a greater number of compounds and effluents can be 
screened. Biosensing systems may not replace conventional testing, but could 
be useful as indicators in the early stages of testing, giving information on the 
potential hazards associated with compounds and effluents. 
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2 Background 
2.1 	 Biosensors For Environmental Monitoring and Toxicity 
Assessment 
2.1.1 Redox Mediators 
In this context, a mediator may be defmed as a soluble, low molecular 
weight redox couple. It interacts at certain sites in the electron transport chain, 
becomes reduced and diffuses out of the cell, therefore behaving as a terminal 
electron acceptor. Subsequent re-oxidation of the mediator molecule at the 
surface of the working electrode results in a current flow (Fig. 2.1), which can 
be measured by external circuitry. 
Key 
Max oxidised mediator 
Mred reduced mediator 
electronse­
-... p-benzoquinone 
~ ferricyanide 
Figure 2.1: The action of lipophilic mediators (i.e. those able to penetrate the cell membrane 
and enter the cell, such as p-benzoquinone) and lipophobic mediators (those unable to 
penetrate the cell membrane, such as ferricyanide) in contact with a micro-organism and the 
working surface of an electrode. 
Ideally, a mediator should fulfil the following criteria (Cardosi & 
Turner, 1987): 
• it should react rapidly with the reduced biocatalytic material, 
• it should exhibit reversible heterogeneous kinetics, 
II 
the over-potential for the regeneration of the oxidised mediator should 
be low and pH independent, 
• 	 it should be stable in oxidised and reduced form, 
• 	 the reduced mediator should not react with oxygen, and 

it should be non-toxic. 

A range of compounds have been utilised in both enzyme and whole 
cell biosensors (Table 2.1), although many have poor long term stability 
especially in the reduced form. The solubilising groups of the compounds can 
exert complex effects, i.e. positively charged groups tend to encourage 
migration of the reduced mediator to the anode but also promote undesirable 
adsorption there, whereas negative charges inhibit the penetration of 
negatively charged cell walls and charge transfer to a negative electrode. 
Potassium ferricyanide has often been used in conjunction with 
bacterial cell biosensors (e.g. Richardson et al., 1991; Patchett et al., 1989; 
Kalab & Sladal, 1994). Gram-negative micro-organisms in particular, have 
metabolic events that are easily accessible on the surface of their outer 
membrane. Ferricyanide can remove electrons from these surface events and 
shuttle them to the surface of a working electrode, thereby causing minimal 
disruption to internal cell processes. However, since ferricyanide does not 
penetrate the plasma membrane (Crane et al., 1985), it is not suitable for use 
with eUkaryotic cells that only have metabolic reactions occurring within the 
confines of the cells and not on their surfaces. 
No photosynthetic response was detected from Chlorella when 
ferricyanide alone was used because this mediator could not penetrate into the 
cell to access metabolic events occurring therein; however, a response was 
observed when using ferricyanide with prokaryotic blue-green algae (Rawson 
et al., 1987). Dichlorophenolindophenol (DCPIP) has been used to give 
measurable responses from liver cells (Karube et aI., 1989). The current 
mediated by DCPIP in this study was found to vary with pH, with a high pH 
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giving higher output currents. p-Benzoquinone (BQ) and 
2,6-dimethylbenzoquinone (DMBQ) are two of a series of benzoquinone 
mediators that are lipophilic and thus can penetrate cell walls, making them 
suitable for use with eukaryotic cells (Rawson et al., 1987; Polak et aI., 1996). 
Mediator 
p-benzoquinone 
CBQ) 
conducting organic salts 
diaminodurene 
(DAD) 
dichlorophenolindophenol 
(DCPIP) 
2,6-dimethylbenzoquinone 
(DMBQ) 
ferrocene 
methylene blue 
phenazine methosulphate 
potassium ferricyanide 
thionine 
Cell / Enzyme Type 
blue-green algae 
Escherichia coli 
Selenastrum 
capricarnutum 
glucose oxidase 
Synechococcus 
Chang liver cells 
mixed bacterial culture 
ChIarella vulgaris 
glucose oxidase 
pyruvate oxidase 
not specified 
Paracoccus denitrificans 
lactate dehydrogenase 
Escherichia coli 
blue-green algae 
Escherichia coli 
Paracoccus denitrificans 
Escherichia coli 
variety of bacteria 
Reference 
Rawson et at. (1987) 
Patchett et at. (1989) 
Pandard et al. (1993) 
Albery & Bartlett (1984) 
Martens & Hall (1994) 
Preuss & Hall (1995) 
Karube et al. (1989) 
Nishikawa et at. (1982) 
Pandard et al. (1993) 
Turner (1988) 
Frew & Hill (1987) 
Lowe (1985) 
Kalab & SIMal (1994) 
Frew & Hill (1987) 
Turner et al. (1983) 
Rawson et al. (1987) 
Patchett et aT. (1989) 
Kalab & Sladal (1994) 
Bennetto et al. (1983) 
Delaney et aT. (1984) 
Table 2.1: A summary ofmediated cell and enzyme biosensor systems. 
The use of eukaryotic whole cell biosensors makes the electron transfer 
process from cell to electrode more complex since access of the mediator to 
reduction sites within the cell is restricted by the plasma membrane of the cell. 
Hence the lipophilicity of the mediator may play an important role in aiding 
penetration of these membranes (Bennetto, 1984). Oxygen electrode-based 
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penetration of these membranes (Bennetto, 1984). Oxygen electrode-based 
sensors circumvent the problem of adding redox mediator compounds since 
they measure fluctuations ofp02 occurring as a result of microbial respiration. 
This type of sensor has been used for environmental monitoring in 
combination with a variety of prokaryotic and eukaryotic microbial celis, 
including bacteria (Tan et al., 1994; Riedel et al., 1991; Karube & Suzuki, 
1984), micro algae (Pandard & Rawson, 1993; Matsunaga et al., 1984) and 
yeast (Campanella et ai., 1995; Riedel et al., 1995; Neujahr & Kjellen, 1979). 
However, a disadvantage of oxygen electrode-based measurements is that they 
tend to be susceptible to changes in background levels of oxygen and their 
response can therefore be affected by these, possibly resulting in inaccuracies 
(Gaisford et al., 1991; Lowe, 1985). 
The redox levels that are accessible within the cell will vary for each 
organism-mediator couple and although, in principle at least, it is possible for 
the mediator to interact with a particular intracellular donor, it may be that the 
chemical species initially encountered are not the original source of the 
electrons, but some cellular intermediates, i.e. the mediator may pick up 
electrons from specific points along the electron transport chain. Hence it is 
perhaps more useful to view the electrons as being part of a cytoplasmic 
reductant pool, since complex interactive redox states are present in the 
mediated whole cell biosensor system. When mediated enzyme electrodes are 
used, electrons are taken from reduced enzymes at a donor site (or a limited 
number of sites), so long as there is free access to the mediator (Albery & 
Craston, 1987). 
2.1.2 Transducer Selection 
There are many methods of signal transduction that can be applied to 
whole cell biosensors, the principle ones being electrochemical, photometric 
and thermometric devices (Dennison & Turner, 1995). Thennometric 
transducers rely on measuring changes in temperature (Sharma & Rogers, 
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1994); photometric devices involve fibre optics and can measure light 
absorbance of a reagent layer on substrate binding, or can involve emission 
spectroscopy, atomic absorption or Raman scattering (Dakin & Cui shaw, 
1989); electrochemical methods primarily involve potentiometry and 
amperometry. In potentiometric systems, a negligible current is maintained 
between the indicator and reference electrodes while changes in the potential 
difference between them are monitored (e.g. Rechnitz, 1982). This is in 
contrast to amperometric systems, where a controlled potential is applied and 
changes in current are monitored (e.g. Lowe, 1985). Amperometric sensors 
tend to have a linear response to the concentration of the measurand, as 
opposed to the logarithmic response exhibited by potentiometric sensors 
(Mascini & Memoli, 1986). The most successful transducer in terms of cost, 
reliability and ease of interfacing to monitoring and control circuitry, is the 
amperometric indicator electrode (Cardosi & Turner, 1987). 
Redox mediators have been used with both potentiometric and 
amperometric sensing systems, although direct sensors operate to greater 
advantage in amperometric mode (Bennetto et al., 1987). The limits of 
sensitivity, accuracy and sensor response will depend on the amount of current 
obtainable from a given amount of biocatalyst and substrate. This current 
depends on biological factors and on the efficiency of electron transfer 
reactions at each stage of the electron ~sduction process, i.e. from the 
... electron source in the biocatalytic component to a mediator and from mediator 
to the base electrode. 
2.1.3 Biocatalyst Selection 
To date much biosensor research concerned with environmental 
monitoring has concentrated on the exploitation of antibodies, isolated 
enzymes and prokaryotic cells. Enzyme electrode biosensors offer high 
specificity, which can be useful for the detection of certain pesticides (e.g. 
Ayyagari et al., 1995; Besombes et al., 1995; LaRosa et al., 1995), or certain 
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other organic compounds (e.g. Cowell et al., 1995; Marko-Varga et at., 1995). 
The first report of an enzyme electrode was for the detection of glucose (Clark 
& Lyons, 1962). The oxygen consumed during the reaction of glucose and 
oxygen (catalysed by glucose oxidase) to form gluconolactone and hydrogen 
peroxide was measured using the Clark amperometric oxygen electrode 
(Clark, 1956). Much subsequent enzyme biosensor research has been based 
on this oxygen sensor (e.g. Telefoncu, 1996; Canlpanella et at., 1991; 
Machohin & Bohackova, 1988; Malovik et at., 1984; Divies, 1975). 
The detection of pesticides by enzyme biosensors is usually based on 
the inhibitory capacity of a specific enzyme activity. Cholinesterases, 
inhibited by organophosphate (OP) and carbamate pesticides, are the most 
widely exploited enzymes for environmental monitoring (e.g. Kumaran & 
Morita, 1995; Marty et at., 1995; Stoytcheva, 1995). Work has also included 
inhibition of tyrosinase-based electrodes for the determination of atrazine 
(McArdle & Persaud, 1993) and a range of other pollutants (Besombes et al., 
1995); a sensor for the detection of a dithio-carbamate fungicide (maneb), 
based on the inhibition of aldehyde dehydrogenase (Marty & Noguer, 1993); 
and another based on the inhibition of acetolactate synthase for the detection 
of sulphonylureas and imidazoline herbicides (Skladal, 1992). 
Although their specificity can sometimes be a desirable feature, 
enzyme biosensors tend to have a low stability and the enzymes can be 
difficult to prepare in a purified state. Hence enzyme-based biosensors tend to 
be expensive when compared to other types of biosensors (NikOl'skaya et at., 
1994). In addition, enzyme electrode biosensors tend to be less sensitive than 
immunological electrode or fibre-optic enzyme-based biosensors (Nwosu & 
Danielsson, 1992; Gauglitz et ai., 1993) and are therefore more useful for 
monitoring or screening as opposed to the measurement of trace pollutants 
(Muller & Zlirn, 1994). 
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Immunosensors tend to exhibit high sensitivity and selectivity, since 
antibodies can be raised to many chemical structures, in addition to which 
antibody molecules are often far more stable than enzymes, resulting in 
biosensors with a longer shelf-life (Marco et al., 1995). However, the strong 
interactions that are formed between antigen and antibody can lead to 
problems with respect to the regeneration of the sensing layer, making 
immunosensors unsuitable for use in continuous monitoring programmes 
(Marty et al., 1995). In addition, the production and screening of antibodies 
can be time-consuming and expensive. Immunosensors are often used as 
indirect measures of compound presence, where the immunoreactants require 
labelling (e.g. with an enzyme, a fluorophore, or a radioactive isotope) in order 
for them to be detected. Immunosensors have been employed for the detection 
of pesticides such as parathion (Anis et al., 1992), 2,4-D and 2,4,S-T 
(Dzantiev et ai., 1996) and imazethapyr, a triazine herbicide (Anis et ai., 
1993). One study combined the use of an amperometric enzyme biosensor 
with immunochemical techniques for the detection of pesticides (Medyantseva 
et ai., 1995). 
In contrast, cell-based biosensors are relatively unspecific with respect 
to their response to pollutants (Rawson et al., 1989) because of their complex 
metabolic activities. Cell-based biosensors in general offer these additional 
advantages: 
• 	 a broad spectrum of response to toxicants, 
• 	 high stability, with their metabolic systems in a protected environment, 
• 	 the ability to perform complex reaction sequences, 
• 	 relatively high levels ofbiocatalytic activity, 
• 	 simple and low cost production techniques, and 
• 	 the possibility of producing biocatalysts with specific characteristics, 
since many species can be genetically modified. 
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The enzymic activity of whole-cell biosensors is often greater and diminishes 
less readily, compared to that of enzyme electrode biosensors, due to the 
optimal environment provided within the cells (Corcoran & Rechnitz, 1985). 
Their broad spectrum response makes whole cell biosensors suitable for the 
determination of complex parameters, such as biological oxygen demand 
(e.g. Kulys & Kadziauskiene, 1980; Tanaka et al., 1994) and general toxicity 
(e.g. Corcoran & Rechnitz, 1985; Gaisford et al., 1991; Karube & Nakanishi, 
1994; Campanella et al., 1995; Karube et al., 1995). There are no costly 
extraction and purification procedures involved in the preparation of whole 
cells prior to their use as biocatalysts. 
There are a number of cell types that may be suitable for interrogation 
in a biosensor system, with the choice of cell depending on the application. 
For example, a biocatalyst with photosynthetic apparatus, such as an alga, 
could be employed in order to determine the effects of herbicidal compounds 
that act primarily by inhibiting photosynthetic electron transport. Other 
factors to consider would be a good stability to operating conditions 
(temperature, pH, etc.), as well as ease of culture, maintenance, isolation and 
irnmobilisation of the cells in the biosensor, since some cell systems are 
known to lose their biological activity when in the immobilised state 
(Robinson et al., 1986). 
To determine the effects of contamination on higher animal forms of 
life associated with the aquatic ecosystem, it is desirable to couple animal cells 
to biosensors. Biosensor studies to date have coupled both animal tissue slices 
and cultured mammalian cells to electrode surfaces. Liver tissue has been 
used together with an ammonia gas sensing electrode (i.e. rabbit tissue: Arnold 
& Rechnitz, 1982) and with an oxygen electrode (i.e. bovine tissue: Mascini et 
ai., 1982; fish tissue: Deng & Wang, 1994). Karube et al. (1989) investigated 
the metabolic response of cultured Chang liver cells, both using an oxygen 
electrode system and mediated amperometry, in order to screen compounds 
such as surfactants and food additives for toxicity. The study found that the 
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resulting currents produced by both systems were correlated to the toxic 
activity of the chemicals tested. 
2.1.4 Whole Cell Biosensors 
2.1.4.1 The Use of Photosynthetic Cells in Biosensors 
Photosynthetic cells such as cyanobacteria and micro algae are easy to 
maintain and culture and have been investigated as biosensor biocatalysts by 
several authors (e.g. Preuss & Hall, 1995; Martens & Hall, 1994; Pandard et 
ai., 1993; Ochiai et ai., 1983; Noack et ai., 1989). The use of whole cells as 
opposed to photosynthetic organelles, such as chloroplasts or thylakoids, has 
the advantage of increased stability and ease of immobilisation (Jeanfils, 1986; 
D'Souza, 1989). 
Unlike micro algae, cyanobacteria do not have membrane-bound 
organelles, their photosynthetic electron transport (PET) systems being located 
on membrane thylakoids within the cytoplasm. However, these cyanobacterial 
PET systems would still require the use of penetrating mediators to access 
them, although non-membrane penetrating mediators, such as ferricyanide 
have been used with cyanobacteria (Hansen et al., 1989; Rawson et ai., 1987). 
The reduction of ferricyanide by intact cyanobacterial cells is thought to be 
due to the action of NADPH dehydrogenase, which is located in the plasma 
membrane and acts as a ferricyanide reductase (Crane et al., 1985). Mediated 
amperometric investigations with the eukaryotic alga Chlorella vulgaris 
showed that, in order to access cellular PET chain activity, a lipophilic 
mediator such as p-benzoquinone had to be employed (pandard et al., 1993). 
The long-term stability and working life of the sensor is influenced by 
the choice of mediator. Use of a lipophilic mediator, such as p-benzoquinone 
has been shown to result in shortened sensor life when compared to the use of 
ferricyanide (Rawson et ai., 1987). A long sensor life is important with 
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respect to biosensors used in on-line monitoring systems, designed to work 
continuously over a period of several days. However, the issue becomes less 
critical where laboratory-based toxicity tests of a 1 hour duration 
(approximately) are concerned. For short duration toxicity assays, the shelf­
life of a biosensor electrode and its immobilised biocatalytic component are of 
greater importance. Fresh and re-hydrated cells of the cyanobacterium 
Synechococcus were used m a comparative study of immobilisation 
techniques, where the biocatalyst was entrapped either between alumina 
membrane discs or within a calcium alginate matrix (Rawson et at., 1989). 
The greatest sensor responses were obtained using freshly harvested cells 
immobilised on alumina discs, as this configuration ensured an intimate 
contact between the microbial cells and the electrode surface and presented a 
small diffusion barrier to the mediator. However, cyanobacteria entrapped in 
calcium alginate beads could subsequently be dehydrated, giving the 
biocatalyst a shelf life of between 5-10 weeks, with no consequent 
deterioration in sensitivity to herbicides. 
The exploitation of micro-algae in preference to cyanobacteria as 
biosensor biocatalysts has certain disadvantages. These include the necessity 
of using lipophilic mediators in order to access PET chain activity and 
difficulties associated with long-term preservation and storage of micro-algal 
biosensor electrodes. Survival levels of certain algal species following freeze­
.. 	drying have been reported as being extremely low (Leeson et al., 1991) and 
although it is possible to cryopreserve algae under liquid nitrogen, this is a 
comparatively expensive option (Rawson, 1988). However, these 
disadvantages may be outweighed by other factors, which include the higher 
complexity of eukaryotic algal cells and hence their greater relevance to 
aquatic toxicity assessment, compared with prokaryotic cyanobacteria. 
Moreover algae are currently employed in standard toxicity tests throughout 
Europe and their exploitation in toxicity bioassays is therefore widely accepted 
(OEeD, 1984; ISO, 1987). 
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2.1.4.2 The Use ofSelenastrum capricornutum in Ecotoxicology 
Seienastrum capricornutum is a unicellular green alga belonging to 
the division Chlorophyta and is found in fresh waters. Algae belonging to this 
family produce starch in a fonn similar to that of higher plants and are hence 
more comparable to these with respect to their metabolism than other algae. 
Moreover, use of S. capricornutum is currently recommended for toxicity 
testing under EEC (1992), OECD (1984), ISO (1987) and EPA (1985) 
guidelines. This makes the organism a prime candidate for incorporation into 
biosensors for rapid toxicity assessment. The culture techniques and toxicity 
database for this species are also better established than for other algal species 
(Lewis, 1993). 
S. capricornutum has been referred to as one of the best bioassay 
organisms (Boyle, 1984) due to its high sensitivity to many toxicants (Joubert, 
1980) and its ability to give reliable assay results (Nyberg, 1988). This alga 
has been used as a test organism for both metals (e.g. Bartlett et ai., 1974; 
Kuwabara, 1985) and organics (e.g. Cassedy et ai., 1983; Grant & 
Borowitzka, 1984; Helenius & Simons, 1975; Nyberg, 1988). The sorption of 
organics by algae bears a significance in food chain accumulation and by 
providing a means of transport and dispersion in receiving waters. Some 
species of green algae, including S. capricornutum, are also known to have a 
.. 	capacity for synthetic surfactant biodegradation and this may explain the 
growth-increasing effects that are sometimes observed with certain surfactant 
compounds (Nyberg, 1988). 
The 72 hour algal growth test routinely employed in the UK (EEC, 
1992; OECD, 1984) is used to determine the rate and amount of growth 
following toxicant exposure to the organism. The general procedure involves 
the culturing of test organisms in flasks, with subsequent addition of toxicants 
to the cultures. Algal cell density is detennined 24, 48 and 72 hours after the 
toxicant additions are made. The data are then used to calculate the cell 
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density and growth rate as percentage reductions compared to the control for 
each treatment. For the definitive test, a minimum of 5 concentrations of the 
test material are used in triplicate, together with 6 control replicates. Although 
the techniques involved in the 72 h growth test are relatively simple, the assay 
1S both time-consuming and labour-intensive. Exploitation of 
S. capricornutum together with biosensor technology could lead to the 
development of an ecologically relevant, rapid, low-cost screening assay that 
could be used to supplement existing algal testing procedures. 
Studies involving the use of green algae in biosensors are not as 
extensive as those employing the standard growth test and in addition, have 
tended not to use S. capricornutum. One study, however, involved use of 
Chlorella vulgaris, Scenedesmus subspicatus and Selenastrum capricornutum 
(Pandard et aI., 1993), in combination with both oxygen electrode and redox­
mediated systems. Both methods of interrogation were found to respond 
rapidly and with a high sensitivity to herbicides, although redox-mediated 
sensors appeared to be somewhat less sensitive to mercury and copper. The 
main criticism levelled at the redox-mediated system was its much shorter 
lifespan, where the photosynthetic current detected following 16 hours of 
continuous use was less than 20 % of the initial response. In addition, the 
oxygen electrode system used shorter periods of illumination and darkness 
(l min light and 4 min dark, as opposed to 15 min each light and dark for the 
.. redox-mediated system), resulting in a more rapid response and therefore 
earlier pollutant detection. This ability for rapid detection of pollution was 
reported to be the major advantage of the oxygen-electrode biosensor over the 
redox-mediated system. 
Extensive sensor lifespan is not an issue for the purposes of rapid 
toxicity assessment, since the maximum exposure time of the biocatalyst to 
mediator compounds would be approximately 1 hour. Immobilisation of algal 
cells onto the working surface of disposable strip electrodes could result in the 
deVelopment of a simple and relatively low cost toxicity assay. The current 
22 

research aimed to improve the time in which pollutants could be detected and 
evaluated through the use of redox-mediated biosensors. 
2.2 Toxicity Testing With Fish Cells 
2.2.1 Introduction 
There is a current concern to develop and establish in vitro test 
methods to replace live animals, especially those used in acute toxicity testing. 
Ali et al. (1993) state that the rationale for the use of cultured cells for analysis 
of toxicity lies with the fact that the actions of chemicals producing disease 
and death in an animal are ultimately exerted at the cellular level. The use of 
short-term cytotoxicity assays for the initial screening of chemicals could: 
• 	 aid establishment of priorities for the selection of chemicals that 
should be tested further in vivo; and 
• 	 decrease the time required to evaluate potential toxicants. 
Tissue culture systems are not necessarily indicative of whole body 
conditions, however they do offer some uniform conditions for many 
definitive studies of environmental chemicals. Many current short-term 
... toxicity tests for aquatic pollutants are based on micro-organisms, since these 
tend to be easy to exploit and manipulate. With cross-calibration to standard 
OEeD ecotoxicological testing procedures, cell-based bioassays offer 
potential rapid indicator systems for the following practical applications: 
• 	 monitoring of surface waters, waste water effluents and sediments for 
the presence of cytotoxic chemicals, 
screening of the cytotoxic potential of chemicals, and 
• 	 use as an adjunct to QSAR predictions of chemical toxicity (Segner & 
Lenz, 1993). 
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All cell-based techniques have their limitations, such as those 
documented for Microtox™. For example, poor sensitivity and erratic 
reproducibility in some instances (Blondin et ai., 1985), or false negative 
results from some environmental samples (Qureshi et ai., 1982). However, 
the relevance of the test organism and hence of the assay itself, can be 
increased by carefully selecting the cell type to be used in the assay. 
Cytotoxicity tests could contribute to an understanding of the 
mechanisms that lead to a manifestation of toxicity within the cell and a 
proper choice of endpoints could provide information on sublethal effects 
occurring within whole organisms following exposure to contaminants. A test 
battery could be developed utilising different cell and organism types from 
various taxa, selected on the basis of ecosystem function and this in vitro 
toxicity data could be combined with models predicting both the behaviour of 
the chemical in the aqueous phase, and the toxicokinetics of the chemical. 
This battery of tests could increase the possibility of predicting the adverse 
effects of chemicals in the aquatic environment. 
2.2.2 Choice of Cell Line 
Cultured mammalian cells have been incorporated into a variety of 
rapid cytotoxicity tests, for example, growth inhibition assays (e.g. Jacobi 
.. et al., 1995; Hoopingarner et al., 1972; Metcalfe, 1971) and lysosomal neutral 
red retention (e.g. Keogh et ai., 1994; Perchermeier et ai., 1994; Babich & 
Borenfreund, 1990b). These tests have been used to determine the toxicity of 
a variety of environmental contaminants, including metals (e.g. Ponsoda et a!., 
1995; Borenfreund & Puemer, 1986; Mochida, 1986) and organic compounds 
(e.g. GUlden, 1993; Jansson & Jansson, 1993; Varnbo et ai., 1985). 
More recently, research surrounding aquatic toxicity testing has 
centred on the use of more ecologically relevant cell lines, for example those 
derived from bluegill sunfish epithelium (Babich & Borenfreund, 1987d) or 
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rainbow trout gill tissue (Lilius et at., 1995), since these are the initial cell 
types encountered by water-borne toxicants. In addition to which, fish cells 
are eurythermic and can be maintained over a wide temperature range, 
whereas mammalian cells are stenothermic and require a temperature of 37°C 
for growth (Babich & Borenfreund, 1991). Initial studies with cultured fish 
cells were concerned with showing that these were sensitive to chemical 
toxicants and that the cytotoxicity endpoints, initially developed for use with 
mammalian cell lines, were also applicable for use with fish cell lines (Babich 
& Borenfreund, 1987a). The cytotoxic response of BF-2 cells to cadmium 
(determined by a variety of assays) was found to be similar to that of 
mammalian cells exposed to cadmium as determined using the same range of 
assays (Babich et at., 1986). 
To date, excluding the work reported here, there has been no report of 
the use of fish cell lines in biosensors, although such cells have been exploited 
in a range of other in vitro assays for assessing the toxicity of environmental 
contaminants. The assay methods used are varied, although the results from 
each study are important for characterising the responses of fish cell lines to 
different toxicants and identifying possible limitations in the use of in vitro 
methods for ecotoxicological testing. The following cytotoxicity measures 
have been used: 
• 	 reduction in mitotic index, which is given by the ratio of cells in 
mitosis to the entire population of cells present (Rachlin & Perlmutter, 
1968), 
• 	 inhibition of cell replication, measured by looking at the growth of the 
culture (Kocan et al., 1979), 
• 	 detachment of cells, where the viability of the cells is determined by 
their ability to attach to the surface of a petri-dish (BoIs et at., 1985), 
and 
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• neutral red (NR) retention assay, which relies on the colourimetric 
analysis ofNR dye following its extraction from viable cells 
(Borenfreund & Puerner, 1984). 
Various fish cell lines have been utilised in toxicity studies to date 
(Table 1) and researchers have found that cells from different species respond 
with varying sensitivities when exposed to the same chemicals. For example, 
differences in sensitivity were noted between FHM and RTG-2 cells, where a 
concentration of 1.8 ppm zinc was found to reduce the mitotic index of 
cultured FHM cells by 50 %, compared to 18 ppm for RTG-2 cells (Rachlin & 
Perlmutter, 1969). Use of the NR retention assay also found RTG-2 cells to 
be less sensitive than BF-2 cells when exposed to cadmium, zinc, copper and 
nickel (Babich et aI., 1986). This was also shown to be the case for organic 
mutagens (Kocan et al., 1979). However, the pattern of toxicity observed for 
a particular class of compounds is often similar for different cell lines, such as 
in the case of chlorophenols, where the toxicity (measured using the NR 
assay) was seen to increase with increasing chlorination of the phenol 
molecule for both CCB and OLF-136 fish cells (Saito & Shigeoka, 1994). 
Cell Line Assay Type Tissue Type Example Reference 
RTG-2 reduction of rainbow trout Rachlin & Perlmutter 
mitotic index gonad (1969) 
FHM neutral red fathead minnow Babich & Borenfreund 
retention epithelium (1987b,e) 
BF-2 neutral red bluegill sunfish Babich et al. (1986) 
retention epithelium 
CCB neutral red carp Saito & Shigeoka 
retention brain (1994) 
OLF-136 neutral red medaka Saito & Shigeoka 
retention fin (1994) 
Table 2.2: Fish cell lines used in toxicity studies. 
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A comparison of FHM and BF-2 cells using the neutral red retention, 
measurement of total cellular protein and cell detachment assays showed the 
FHM cells to be the more sensitive, although the chemical toxicities were 
ranked in the same order for both cell lines (Babich & Borenfreund, 1987b). In 
that study the cells were exposed at temperatures recommended for optimal 
growth in each case (i.e. 34 DC for FHM; 26 DC for BF-2 cells) and differences 
in sensitivity of the two cell lines were lessened when both were exposed at 
the same temperature (either 26 DC or 34 DC). Moreover, the authors fOlUld a 
better correlation between in vivo and in vitro toxicity test data for BF-2 when 
compared to FHM cells. This fact, coupled with a fast replication rate and 
their suitability of use in a range of cytotoxicity assays (Babich & 
Borenfreund, 1987b) makes the BF-2 cell line a good candidate for screening 
of acute toxicity of aquatic pollutants. 
2.2.3 In Vitro Toxicity Testing With Fish Cell Lines 
Cytotoxicity assays with fish cells have been used for the preliminary 
assessment of environmental chemicals that may be hazardous to aquatic biota 
in a variety ofways: 
• 	 to observe the type of cellular damage induced by various test agents, 
• 	 to rank test agents according to their relative acute toxicities and to 
correlate these cytotoxicities with some physicochemical parameter of 
the test agents, and 
• 	 to study the biotransformation ofmetabolism-mediated cytotoxins and 
investigate synergistic and antagonistic interactions between 
combinations of test agents. 
Sublethal concentrations of several pesticides were found to induce 
lysosomal swelling (Babich & Borenfreund, 1987e) and it was postulated that 
the high lipophilicity of these organochlorines may be a factor in the induction 
of these giant lysosomes. Studnicka et al. (1982) investigated the effects of 
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chlorinated pesticides and PCB on carp gonad cells and found marked cellular 
destruction occurring following exposure to DDT and DDD. Lindane 
appeared less toxic than the other compounds when applied at lower 
concentrations, although the nature of the lindane-produced changes in the 
culture were more destructive. 
Babich and Borenfreund (l987d) found a strong correlation between 
the octanol-water partition coefficients (log P values) and the in vitro 
cytotoxicity of 12 phenolics to BF~2 cells; this has also been found for 
chlorinated phenolics used in in vivo studies with salt water and fresh water 
species, including bluegill sunfish (EPA, 1980). Studies with BF-2 cells 
indicated that the organometallic fonns of tin and lead were more cytotoxic 
than their inorganic divalent cationic species (Babich & Borenfreund, 1988 & 
1990a). This was also observed in the case of fish hepatoma cells exposed to 
organic and inorganic fomls oftin (Brtischweiler et al., 1995). The study also 
reported a good correlation between the in vitro cytotoxicity data obtained 
from these NR assay results and in vivo fish toxicity data, indicating the 
potential of this technique as a predictor of acute toxicity to fish of organotins 
and possibly other compounds. The sequences of cytotoxicities for a series of 
organolead salts was found to be similar in this study to those observed by 
another in vivo study, with various aquatic species (Chau & Wong, 1984). For 
metal cations, the sequence of toxicity was found to be monovalent> divalent 
.. > trivalent (Babich & Borenfreund, 1987a). 
Some chemicals, such as benzo[a]pyrene, require biotransformation in 
order to result in toxic metabolites. Many of the enzymes involved in the 
biotransformation process are part of the cytochrome P 450 mono oxygenase 
system, which is abundant in the liver of intact animals. Cells in culture 
progressively lose a large amount of their P450 activity and therefore if used in 
in vitro cytotoxicity assays will only be capable of detecting directly-acting 
toxicants (Babich & Borenfreund, 1991). Benzo[a]pyrene was found to exert 
varying degrees of toxicity on cell lines possessing sufficient P4SO activity to 
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biotransfom1 whereas no toxicity was observed in either fish or mammalian 
cell lines that lacked this ability (Kocan et ai., 1979; Martin-Alguacil et at., 
1991; Babich et at., 1988; Babich et ai., 1989a). BF-2 cells exposed to a 
range of polyaromatic hydrocarbons (PAH) exhibited weak cytotoxicity when 
assayed using the NR technique, although addition of an S-9 microsomal 
fraction (derived from rat liver) in the incubation mixture led to increased 
cytotoxicity of many of the PAH, probably due to the formation of active 
metabolites through biotransformation (Babich & Borenfreund, 1987f). A 
mixture of organochlorine compounds and PAH acted synergistically to 
adversely affect brown bullhead (BB) fish cell viability. Mixtures of the two 
fractions were seen to induce significantly higher levels of toxicity in BB cells 
than either fraction alone (Ali et at., 1993). The addition of selenate and 
selenite to fish cell cultures at non-toxic levels led to an antagonistic 
interaction with the arsenate and arsenite present, lowering the toxicity of 
these agents (Babich et ai., 1989b). 
2.2.4 Correlation With Whole Fish Toxicity and QSAR Studies 
Octanol-water partition coefficients have proved a useful way of 
predicting biological uptake, lipophilic storage and biomagnification of 
organic chemicals. The acute oral toxicity (in vivo) of phenol and substituted 
phenolics to guppies was correlated to the octanol-water partition coefficients 
.. 	 (log P values) by Konemann and Musch (1981) and Lipnick et al. (1985). 
Segner and Lenz (1993) correlated the cytotoxicity of compounds from 
various chemical groups with their octanol-water partition coefficients. 
Studies on the cytotoxicity of inorganic metal cations and anionic complexes 
to BF-2 cells (Babich et aI., 1986) and of organics to RTG-2 cells (BoIs et aI., 
1985) demonstrated that in vitro bioassays using fish cells have both relevance 
to the in vivo LCso response of fish and can be used as an adjunct to 
quantitative structure activity relationship (QSAR) predictions of in vivo acute 
toxicity. Metcalfe (1971) also found that the potency of a range of chemically 
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dissimilar compounds correlated with their lipid solubility, and suggested that 
the cell membranes may be the main site of action. 
Correlations between in vitro cytotoxicity tests incorporating fish cell 
lines and whole fish tests have been reported. Marion and Denizeau (l983a,b) 
used monolayers of RTG-2 cells for the evaluation of the toxicity of aquatic 
pollutants. The RTG-2 cells in culture showed good sensitivity to the 
toxicants used when compared to in vivo classical bioassays. A high 
correlation was found between FHM cytotoxicity and fish lethality for a range 
of chemicals, including both inorganics, such as mercuric chloride, sodium 
dichromate and cadmium chloride, and organics, including phenol and 
propanol (Brandao et al., 1992). Saito and Shigeoka (1994) found the NRso 
values (the concentration leading to incorporation of neutral red into 50 % of 
the cells) for various xenobiotics to GFS (goldfish scale) cells to be 
significantly correlated to the fish acute toxicities and to log P. 
2.2.5 Limitations and Complications of In Vitro Testing Techniques 
Cell culture methods can be used to characterise the effects of chemical 
agents that are not easily detected or analysed in vivo. Although it is desirable 
to replace or supplement some whole animal tests with in vitro techniques, it 
can be difficult to extrapolate the inhibitory effects observed in cell culture 
... 	 systems to corresponding toxic effects in the whole animal. BoIs et al. (1985) 
identified the weakness of cytotoxicity testing as the inability to account for 
all the physical and chemical properties that contribute to the ultimate toxicity 
of compounds to aquatic organisms. Additionally, measurement of an 
endpoint such as cellular attachment to a substratum would indicate 
compounds specifically inhibiting the attachment process to be especially 
toxic in this type of assay. However, BoIs et al. (1985) maintained that since 
chemicals must partition from the aqueous growth medium into the lipid 
membranes of cells therein, the RTG-2 cell attachment bioassay modelled 
existing aqueous toxicity tests more closely than injection bioassays with 
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whole fish. Babich and Borenfreund (l987d) found there was poor correlation 
between in vitro and in vivo response of specific chemicals, 
e.g. 2,4-dinitrophenol, and highlighted such limitations of the in vitro 
cytotoxicity approach. 
Many cationic metals can form complexes with serum components 
(Morgan, 1981) and a range of cationic metals were found to be more toxic to 
mouse fibroblasts under low serum conditions (1 %), even though the ranking 
toxicity ofthe metals was the same using either 1 or 10 % serum (Borenfreund 
& Puerner, 1986). Other studies have also found that serum concentration 
alters the bioavailability of inorganic metals and organic test agents and hence 
their cytotoxicity (Marion & Denizeau, 1983b; Babich et al., 1989c). 
Additionally, Babich and Borenfreund (1 987e) noted that the order of potency 
of a range of chlorinated pesticides to bluegill sunfish fin cells was not 
comparable with that observed in vivo using bluegill sunfish (Henderson et af., 
1959). Factors possibly accounting for this lack of correlation between in 
vitro and in vivo systems may include: 
• 	 the high lipophilicity of pesticides and the presence of serum in the in 
vitro system; 
• 	 differences in the length of exposure which may affect the extent of 
volatility of the pesticide from the test system; and 
• 	 differences in the purity of the pesticides and the type of solvent used 
in the particular formulation tested. 
(After Babich & Borenfreund, 1991) 
The usefulness of an assay therefore depends on a clear understanding 
of the applicability and limitations of the system. The choice of cell line may 
be of little significance when the cytotoxicity assay is used to detect directly­
acting toxins, although for detection of bioactivated toxins, it is critical that 
the indicator cell line has significant P 450 activity, or that a metabolising 
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component (such as hepatic 89, derived from fish) is incorporated into the 
dynamics of the assay. 
The cytotoxic response of cultured cells is also influenced by the 
duration of the exposure to the toxicant. In a comparison between Daphnia 
magna acute toxicity (24 h exposure) and a cytotoxicity assay based on fish 
hepatocytes (3 h exposure), the Daphnia were found to be more sensitive than 
the hepatocytes (Lilius et al., 1994). The authors believed that the 3 h assay 
may have been too short for some cellular damage to manifest itself. 
Additionally, the temperature of exposure has been shown to influence the in 
vitro response of cultured fish cells to toxicants (Babich & Borenfreund, 
1987e). However, since different research groups have chosen a variety of end 
points and exposure criteria, it can be difficult to directly relate and compare 
the findings of each study. 
2.2.6 Conclusions 
Fish cells used in in vitro cytotoxicity and genotoxicity assays can be 
incorporated into the first tier of testing for environmental agents that may be 
hazardous to aquatic biota. These assays can give valuable supplementary 
information to whole organism toxicity investigations and can help to identify 
patterns of toxicity for series of related chemicals. However, it would be 
.. important to characterise the cytotoxic response of the cultured cells with 
respect to the effects observed in the whole animal. This would entail 
extensive comparative, back to back testing of cytotoxicity and whole 
organism assays in order to assess the suitability and limitations of in vitro 
cytotoxicity techniques. 
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2.3 Luminescent Genes as Tools in Toxicity Assessment 
2.3.1 	 Exploitation of Naturally Luminescent Organisms in Toxicity 
Testing 
The most widely exploited naturally luminescent organisms for 
toxicity testing have been marine bacteria belonging to the genus 
Photobacterium or Vibrio. Microbial bioluminescence involves the activity of 
electron transport systems, which produce substrates for the production of 
light. Since processes such as electron transport are also involved in cellular 
metabolism, any environmental condition that hinders this should also have 
some effect on bioluminescence. Various poisonous compounds were shown 
to reduce the light intensity of suspensions of luminescent bacteria, even 
towards the end of the last century (Beijerinck (1889) in Bulich, 1981). 
Photo bacterium phosphoreum1 has been incorporated into the 
Microtox™ rapid toxicity assessment system (Microbics Corporation, 
Carlsbad, CA.; Bulich, 1981; Bulich & Isenberg, 1981; Vasseur et ai., 1984) 
and works on the principle of measuring the decrease in light produced by 
reconstituted freeze-dried marine bacteria, following exposure to toxicants, 
with a luminometer. The Microtox™ system has been utilised for the toxicity 
assessment of environmental water samples (Dutka et al., 1991; Kaiser et ai., 
1988; Ribo et aI., 1985; Chang et al., 1981), pesticides and their hydrolysis 
products (Somasundaram et al., 1990) and a wide range of organic chemicals 
(Kaiser & Palabrica, 1991). Comparisons of Microtox™ toxicity data with 
that obtained from ecotoxicity tests utilising fish and invertebrates have shown 
good correlations (Munkittrick et al., 1991; Blum & Speece, 1990; Ribo & 
Kaiser, 1983), although the whole organism tests tended to exhibit a greater 
sensitivity (Nacci et aI., 1986; Lebsack et ai., 1981). Pastorok & Becker 
(1990) found that Microtox™ bacteria exposed to saline extracts of sediments, 
1 	According to Dr. Bulich of Microbics Corp., recent taxonomic evidence indicates it is more 
appropriate to reclassify P. phosphoreum as Vibrio fischeri (Steinberg et al., 1995). 
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known to contain P AH, were less sensitive to these than invertebrate bioassays 
performed in situ. This is not surprising, since P AH are not expected to be 
extracted by saline solutions, and subsequent exposure to organic sediment 
extracts proved Microtox™ to be the more sensitive of the two assay 
techniques in this study. However, the ecological significance of using total 
sediment extracts could be questioned since not all pollutants present within 
sediments would necessarily be bioavailable. Munkittrick et at. (1991) 
observed good correlations between Microtox™ and whole organism bioassay 
data with respect to pure individual organic compounds, although they 
generally found Microtox™ to be less sensitive when tested with effluents and 
leachates. A comparison of Microtox™ and brine shrimp mortality data 
obtained using hepatotoxic cyanobacteria showed the invertebrate assay to be 
more reliable for predicting toxicity (Campbell et at., 1994). It would appear 
that the response of the Microtox™ bacteria does not always reflect toxic 
effects in more complex organisms, however some of the differences observed 
may be due to the range of exposure times encountered in various tests (e.g. 5­
30 minutes for Microtox™; 24-96 h for fish). 
Other naturally bioluminescent bacteria that have been used in toxicity 
testing include Vibrio harveyi and Beneckea harveyi, both of which are marine 
species. Thomulka et al. (1993) found that tests incorporating fresh V harveyi 
gave more sensitive responses to toxicants than Microtox™, employing 
.. 	reconstituted freeze-dried P. phosphoreum. Changes in the luminescence of 
Beneckea harveyi have been used to assess the toxicity of phenols and toxicant 
mixtures (Stom et al., 1986). 
2.3.2 	 Advantages of Using Genetically Engineered Luminescent 

Organisms 

There are two major advantages In usmg genetically engineered 
luminescent organISms as opposed to those possessing natural 
bioluminescence: 
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bioluminescent genes can be cloned into the cell line or organism of 
choice, meaning that environmentally relevant cell types can be 
exploited, 
• 	 bioluminescent genes can be linked to various promoters so that they 
respond to individual toxicants or classes of toxicant, making the assay 
more specific. 
The cell line or organism can be chosen on the basis of its ecological 
relevance, since the use of marine bacteria for pollutant monitoring may not 
always reflect the effects of effluents and contaminants on higher organisms 
(as discussed in section 2.3.2). For example, the use of eukaryotic cells, as 
opposed to prokaryotes, could give a more accurate assessment of toxicity in 
more complex organisms. Klimowski et af. (1996) argued that since aquatic 
insects spend most of their life cycle in streams, they are potentially useful 
biomonitors of aquatic heavy metal pollution. With this consideration, they 
cloned a metal-inducible bioreporter into mosquito cells and further 
commented on the possibility of developing transgenic arthropods that could 
perhaps provide an even more biologically relevant bioreporter system. 
More specific bioreporter systems have used Escherichia coli 
transformed with constructs containing specific promoter-bioluminescent 
reporter gene fusions . These systems involved the exploitation of 
... 	 metallothionein promoters from the prokaryotic microorganism Serratia 
marcescens in order to specifically detect metals such as mercury (Virta et at., 
1995; Tescione & Belfort, 1993) and copper (Holmes et aT., 1994). 
Additionally, a bioluminescent catabolic reporter bacterium, specifically 
responding to the presence of naphthalene and salicylate, has been cloned 
(Heitzer et at., 1994; Burlage et at., 1990; King et at., 1990). 
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2.3.3 Green Fluorescent Protein (GFP) 
2.3.3.1 Structure and Properties of GFP 
Luminescence is common in a variety of marine invertebrates and 
many of these organisms (e.g. jelly fish, Aequorea victoria; sea pansy, 
Mitrocoma renilla) emit light when mechanically disturbed. Light is produced 
by A. victoria when calcium ions bind to the protein aequorin, the activation of 
which leads to the production of blue light in vitro. A. victoria produces green 
light in vivo and this is due to a second protein present within the organism 
that derives its excitation energy from aequorin, via a coelenterazine 
intermediary. This second protein is known as green fluorescent protein 
(GFP). 
The GFP protein is a relatively small, monomeric molecule (Prasher, 
1995) containing three amino acid residues (serine-tyrosine-glycine) that form 
a highly fluorescent chromophore in the presence of oxygen (Cody et al., 
1993). Studies have shown that GFP fluorescence can be lost following 
exposure to a variety of harsh conditions, such as heat, extreme pH and 
chemical denaturants (Prasher et ai., 1992). However, when the perturbation 
is removed then the protein appears to recover and its fluorescent properties 
return (Ward & Bokman, 1982). 
Following excitation by blue light, GFP expressed in prokaryotic and 
eukaryotic systems was found to produce a strong green fluorescence and the 
stability of this expressed GFP within E. coli was observed to be similar to 
that of the wild-type protein (Chalfie et al., 1994). Furthermore, the excitation 
and emission spectra of partially purified GFP from these microbes were 
found to be the same as those of the wild-type GFP protein, suggesting that 
formation of the fluorescent chromophore was not species-specific and could 
occur in the absence ofA. victoria cellular products. The mechanism. of initial 
protein folding and hence chromophore fonnation has not yet been detennined 
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although it is known to be oxygen-dependent and takes approximately 4 h for 
the wild-type protein (Heim et at., 1994). Amino acid substitutions within the 
GFP polypeptide have resulted in the formation of spectrally shifted mutants 
that fluoresce at different wavelengths compared to the wild-type protein, for 
example blue and yellow mutants have been identified (Heim et ai., 1994; 
Ohmiya et ai., 1996). Heim et ai. (1995) also found that one particular mutant 
form exhibited more rapid chromophore formation than the wild-type protein. 
2.3.3.2 Uses ofgfp-Labelled DNA 
The detection of intracellular GFP only requires irradiation with near 
UV or blue light and is not limited by the availability of substrates within the 
transformed cells. In addition, the protein does not interfere with cell growth 
and function and could therefore be used as an indicator of transformation, 
where the successfully transformed cells would fluoresce in response to 
irradiation with the correct wavelength. The GFP reporter protein has been 
modified to include targeting sequences that result in the selective localisation 
of GFP in specific organelles, such as mitochondria; specific targeting could 
enable monitoring of organelle conformational and distributional changes 
within cells (Rizzuto et al., 1995). Other applications that have exploited gfp 
cDNA include the measurement of gene expression in vivo, labelling and 
location of fusion proteins, labelling of unicellular organisms (e.g. bacteria on 
... biofilms), or of specific cells in multi-cellular organisms (Prasher, 1995). 
Additionally, gfp-transformed cells could be.employed for toxicity assessment 
in one of two ways: 
i) the gfp gene could be linked to a specific promoter (e.g. metallothionein 
promoter), responsive to the presence of certain classes of environmental 
contaminants. The gfp-transformed cells would then only respond to these 
'specific' classes of toxicants (e.g. metals, such as lead and cadmium). 
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ii) the gfp gene could be linked to promoters responsible for 'switching on' 
cellular repair mechanisms. The production of luminescence by cells 
following exposure to toxic agents would indicate that cellular damage was 
occurring. 
These applications are of particular interest with respect to the 
development of optical probes or biosensors for assessment of water sample 
toxicity. The gfp reporter gene is ideal for measuring such specific induction 
since its expression is independent of substrate or energy requirements. 
2.3.3.3 GFP as a Tool in Molecular Biology 
The GFP protein has been successfully expressed in a wide variety of 
cell lines. These include cells derived from mammals (Pines, 1995), 
invertebrates (Wang & Hazelrigg, 1994), bacteria (Lewis & Errington, 1996) 
and photosynthetic sources (Haseloff & Amos, 1995). 
Successful GFP expreSSlOn has been demonstrated in a range of 
mammalian cell lines, including HeLa cells and those derived from cortical 
neurones, skeletal muscle cells and hepatocytes (Rizzuto et al., 1995). The 
GFP protein was also used to follow the behaviour of proteins in cultured 
mammalian cells (i.e. COS-7 and HeLa) during the cell cycle and was found 
.. to be distributed throughout both nucleus and cytoplasm following 
transformation of the cells (pines, 1995). In this study, the presence of GFP 
was detected with antibody labelling techniques after 12 h; however the 
expression of the bioluminescent response was not immediate and exhibited a 
lag phase of over 15 h. GFP has also been employed as a simple 
developmental marker in living zebra fish embryos (Amsterdam et al., 1995), 
where its expression was detected after 4 h of development (28°C). The 
resulting bioluminescence was most prevalent in muscle, but could also be 
detected in many other cells. 
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Neurones in living Drosophila embryos, larvae and pupae were 
labelled with GFP and monitored throughout their development (Brand, 1995) 
and adult Drosophila were transformed with gfjJ cDNA in order to monitor the 
subcellular localisation of protein fusions (Wang & Hazelrigg, 1994). In vivo 
gene expression has been monitored using gfp, both in bacteria (Chalfie et al., 
1994; Lewis & Errington, 1996) and in plant cells (Haseloff & Amos, 1995). 
2.3.4 Luciferase Reporter Genes (lue/lux) 
2.3.4.1 Structure and Properties of Luciferase Reporter Genes 
The gene encoding for the luciferase enzyme has been isolated from 
bacteria (Vibrio and Photobaeterium species; luxAB genes), fireflies (Photinus 
pyralis (lue gene» and related species, such as the click beetle (Pyrophorus 
plagiophthalamus (lueOR gene». There are several click beetle luciferases 
which are capable of producing light of at least four different colours, with 
emission peaks in the orange range of the spectrum, 547-593 run (Wood et az', 
1989). In addition, the luminescence from intact lueOR-expressing cells was 
found to be much more stable and resistant to high temperatures when 
compared to that from lue-expressing cells (Cebolla et ai., 1995). 
All natural firefly luciferases appear to have a similar structure, 
although the colour of the emitted light is dependent on the species from 
which the enzyme was derived; different enzyme extracts behave differently in 
response to pH changes and metal cation concentration (Seliger & McElroy, 
1964). The luc luciferase is encoded from a single gene and requires no post­
translational modification (Wood et al., 1985), whereas the lux luciferase is 
comprised of two subunits and is encoded on two adjacent genes, luxA and 
luxB (Meighen, 1991). This means that successful expression of lux in 
eukaryotes is reliant on the action of two promoters, one for each subunit. 
This complication has been overcome by the fusion of the subunits to form a 
luxAB gene, requiring only one promoter (Boylan et al., 1989). The fused 
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gene has been successfully expressed in both prokaryotes (Almashanu et al., 
1990) and eukaryotes (Wolk et al., 1991; Olsson et al., 1989). 
Luciferase activity can be detected usmg a number of methods 
(Jansson, 1995; Prosser, 1994). The most common of these involves the use 
of a luminometer, which detects the light produced by lucl/ux-transformed 
cells following substrate addition and can be operated manually or 
automatically, the latter of which has been reported as being more sensitive 
(Karp et al., 1992). Either whole cells or cell extracts can be assayed and 
though the in vivo measurement of luminescence was observed to be much 
faster, maximal sensitivity was achieved by using cell extracts (Moller et al., 
1994,1995; Coronado et al., 1994). The number of photons produced during 
the luciferase assay have also been measured in a scintillation counter (Pahlan 
et al., 1995). Both the luminometer and scintillation counter methods quantify 
the amount of luminescence produced by transformed cells. Visualisation of 
transformed cells and colonies has also been reported, for example luc­
transformed colonies were identified using CCD (charge coupled device) 
image analysis, where a CCD camera was connected to a fluorescence 
mIcroscope. Using this method, as few as 2000 molecules of luciferase could 
be detected (Wood, 1991). Another method of identifying luc-expressing 
colonies of E. coli grown on agar plates involved exposing the cells on 
photographic film, following the addition of luciferin to initiate the 
.. luminescent response (Cebolla et al., 1995; Wood & DeLuca, 1987). 
Luciferase isolated from the North American firefly, Photinus pyralis, 
is one of the most extensively studied enzymes that catalyse light production 
in bioluminescent organisms (de Wet et al., 1987). On addition of excess 
luciferin substrate to the firefly luciferase, light is produced according to the 
following reaction, which is catalysed by the firefly luciferase, 
luciferin + ATP + O2 ~ oxyluciferin + AMP + PPi + CO2 + hv(562 nm) 
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The light emission decays to approximately 10 % of the peak: level within 1 
minute and this is followed by an extended period of low-level light emission 
that decays in intensity at a much slower rate (de Wet et al., 1987), although 
there are now commercially available optimised reagents that extend the 
period ofthe peak: emission level (e.g. from Promega). 
The bacterialluciferase system similarly catalyses the reaction between 
oxygen, a reduced flavin phosphate (FMNH2) and an aldehyde (Cg to C l6 
straight chain) substrate, resulting in light emission, 
FMNH2 + O2+ RCHO ~ FMN + ROOH + H20 + h v (490 nm) 
where this reaction is catalysed by bacterial luciferase. Both bacterial and 
eukaryotic bioluminescent systems require the input of magnesium ions for 
the reaction to proceed. When bacterial and eukaryotic luciferase reporter 
proteins were compared, it was found that the eukaryotic enzyme produced 
approximately ten times more light than its bacterial equivalent (Lampinen et 
ai., 1992). In addition, eukaryotic luciferases provide more efficiency and 
cost less energy in their luminescent reactions than do the bacterialluciferases 
(Koncz et al., 1990). 
2.3.4.2 Use of luc and lux as Reporter Genes in Molecular Biology 
Luciferin has been shown to readily diffuse across mammalian 
cytoplasmic membranes, allowing the detection of luciferase in intact cells 
(de Wet et aT., 1987). The bacterial lux gene has been primarily employed for 
the study ofprokaryotic gene expression (Carmi et al., 1987). However, it has 
also been used to indicate the susceptibility of certain bacteria to antibiotics 
(Ulitzer & Kulm, 1986) and biocides (Stewart et aT., 1989). In addition it has 
been inserted into Pseudomonas fluorescens and used as a reporter for 
nutritional stress (Kragelund et ai., 1995). Although P. fluorescens is 
naturally fluorescent, the lux reporter gene was inserted as a promoter-less 
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construct in order that the production of luminescence would then fall under 
the control of resident promoters responding to environmental conditions, 
such as nutritional stress. In this way, environmentally regulated gene 
expression can be monitored by studying the production of bioluminescence in 
the laboratory or the environment (Lim et al., 1993). 
The eukaryotic luciferase gene, lue, has been introduced as a reporter 
protein in a wide variety of cell types, including bacterial (Carmi et al., 1987), 
invertebrate (Karp et al., 1992), plant (Ow et al., 1986), fish (Sekkali et al., 
1994) and mammalian cell systems (de Wet et al., 1987). It has been 
employed for a number of purposes, including the monitoring of promoter 
activity (deWet et al., 1987), use as a genetic probe (Wood & DeLuca, 1987) 
and as a reporter to determine transfection efficiency in silkworm larvae 
(Pahlan et al., 1995). Lue has also been used as a reporter for many other 
applications, including studies on anaesthetics (Nguyen et aI., 1989) and heat 
shock (Ueda et al., 1976), as well as a marker for the detection of Rhizobium 
meliloti in bacteroids and soil (Cebolla et al., 1993), and cyanobacteria in 
Baltic Sea samples (Moller et al., 1995). The lue system has also been used as 
an instantaneous monitor of transcriptional changes within intact cells because 
of its relative instability in vivo (Sekkali et al., 1994). This is advantageous 
since it results in a more rapid response to the induction of reporter protein 
synthesis occurring within the cells when compared to some other commonly 
used reporter systems, such as the chloramphenicol acetyltransferase (cat)
4 
gene (Thompson et al., 1991). 
2.3.4.3 Advantages of luc as a Reporter Gene 
Two commonly used reporter genes are the lue and cat genes, both of 
which have low levels of background activity and are easy to assay. Antibiotic 
resistance genes and metabolic genes (such as lacZ, encoding fJ-galactosidase 
(Drahos et al., 1986) and uidA, encoding P.glucuronidase (Bej et al., 1991» 
may have limited applications as markers for monitoring of released 
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genetically-modified microorganisms due to the potential background of 

indigenous strains from which the genes were originally isolated (Jansson, 

1995; Bej et ai., 1990). Because of the sensitivity with which light can be 

measured, LUC activity can be measured at concentrations far below that of 

CAT (Thompson et aI., 1991), and detection limits of the LUC assay have 

been quantified as being approximately 30 times more sensitive than those 

obtained with the CAT assay on a per mole of enzyme basis (de Wet et ai., 

1987). Moreover, LUC offers better characteristics than CAT in terms of 

absence of endogenous activity, or other sources of background (Nordeen, 

1988). 
Bacterial luciferase has been used as a marker for the monitoring of 

genetically-modified microorganisms as it was found to be both sensitive and 

specific for marked strains released in terrestrial environments (Prosser, 1994). 

However, the eUkaryotic luciferase is used preferentially for the monitoring of 

tagged bacteria in marine samples because, in contrast to bacterial luciferase 

genes, there is no detectable background in the natural microbial population 

that could result in false positives (Moller et ai., 1995). 

Other characteristics of reporter genes, such as the stability of both 

mRNA and the resulting protein are important with respect to the level and the 

kinetics of gene expression. The rate at which the reporter reaches steady state 

.. 	or maximum levels following induction depends on its half-life. The half-life 
of the LUC protein in both mammalian and bacterial cells is approximately 3 h 
(it is sensitive to proteolysis both in vitro and in vivo), whereas the half-life of 
the CAT reporter protein is approximately 50 h. A long-lived reporter is 
undesirable in stable cell lines since it increases the time required to reach a 
new steady state when the level of expression is altered (Thompson et al., 
1991). Therefore luc is more responsive as a reporter than cat and so is more 
suitable for use in tests where rapid responses are required. The luciferase 
enzyme assay is also simple and rapid, making it an ideal candidate for further 
, 
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development as a quick screening technique for toxicity assessment. In 
addition to which there are other advantages: 
• 	 luciferin substrate can diffuse across cell membranes, allowing the 
detection of enzyme activity in intact cells, 
• 	 the luciferase protein is non-toxic to the cell, 
• 	 the luc assay has a high sensitivity, enabling very low levels of the 
reporter gene to be detected, and 
• 	 the luciferase protein has a short half-life and rapid protein synthesis 
- and therefore a rapid increase in light production following 
induction. 
2.3.5 Bioluminescence and Environmental Toxicology 
The use of the luciferase assay for toxicant screening relies on the 
compound in question interfering with cellular metabolic activity, this being a 
similar principle to that behind the biosensor technique. Such interference 
would lead to a decrease in cellular ATP available to drive the conversion of 
luciferin to oxyluciferin and hence a reduction in the concomitant production 
of light. The reduction in luminescent response following exposure could be 
quantified simply in a luminometer or scintillation counter, allowing easy 
comparison between toxicant-exposed and control samples and subsequent 
calculation of Ee values . 
... 
Bioluminescence has been exploited for the purposes of environmental 
monitoring, remedial investigations and toxicity assessments (Steinberg et ai., 
1995). The bioluminescent response reflects the activity of the electron 
transport chain and therefore should provide a direct assessment of the 
presence of compounds that affect the processes of the electron transport chain 
and cellular metabolism. The most popular naturally bioluminescent organism 
used for toxicity assessment is the marine bacterium Photobacterium 
phosphoreum (Kaiser & Palabrica et ai., 1991; Ribo & Kaiser, 1983; Bulich 
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et al., 1981, 1990). A novel approach in the use of bioluminescence for 
environmental monitoring involves the use of recombinant DNA technology, 
where the genes encoding for the bioluminescence can be cloned into the cell 
line of choice. Cells transformed with luminescent reporter genes could be 
used for: 
• 	 the detection of specific chemicals in the environment 
• 	 the assessment ofoverall toxicity from an effluent stream or water 
sample. 
To date, the luciferase enzyme itself has been used to measure ATP 
and NADH levels (Blum et al., 1988), whilst luc- or lux-transformed bacteria 
have been employed to determine acute respiratory toxicity (Lee et ai., 1991), 
detect specific compounds (Van Dyk et aI., 1994; Tescione & Belfort, 1993) 
and metals (Corbisier et al., 1996), or to assess toxicity from a particular 
group of compounds (Lampinen et al., 1990; Lee et al., 1992). Luc­
transformed E. coli showed a decrease in luminescence on exposure to 
respiration-inhibiting pesticides, although the response was observed to be 
rather slow for hydrophobic compOlmds (Lee et al., 1991). The system was 
improved by the use of a mutant E. coli strain with a more permeable 
membrane, which resulted in a faster response to certain herbicides when 
.. 	 compared to the wild type (Lee et al., 1992). An E. coli mercury-specific 
biosensor was developed by Virta et al. (1995), utilising the firefly luciferase 
reporter gene Wlder the control of a mercury-inducible promoter. The 
construct was shown to exhibit a high sensitivity and selectivity towards 
mercury and the luminescent response was seen to increase linearly in the 
range of 0.1 fM to 0.1 ~M mercury, after which production of luminescence 
rapidly fell to zero. Lux-transformed E. coli responded to a range of heavy 
metals and organic compounds with a similar sensitivity to that exhibited by 
the Microtox ™ test (Lampinen et al., 1990). 
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The linking of reporter genes to specific proteins or promoters enables 
the targeting of the test system to certain specific toxicants or groups of 
compounds that are of particUlar interest. Pseudomonas jluorescens 
incorporating a plasmid coding for naphthalene degradation and the bacterial 
bioluminescent gene, lux, was used to successfully detect the presence of 
naphthalene in real pollutant mixtures, such as an aqueous solution of jet fuel 
(Heitzer et al., 1994). The lux genes from Vibrio fischeri were also used in 
conjunction with mercury(II)- and copper-sensitive promoters (Tescione & 
Belfort, 1993; Holmes et a!., 1994) and E. coli transformed with these 
constructs were used to detect environmental concentrations of these metals. 
Heat shock promoters respond to a number of other stress conditions in 
addition to an increase in temperature, such as exposure to various chemicals 
including ethanol, 2,4-dinitrophenol and heavy metals (Rupani et a!., 1996; 
Welch, 1990). This heat shock response is thought to allow cells to respond to 
protein unfolding following perturbation by external stressors (LaRdssa & 
Van Dyk, 1991). In E. coli, some of the proteins induced by heat shock are 
also induced by starvation conditions and chemical pollutants (Blom et al., 
1992). E. coli cells were transformed with a plasmid construct containing the 
lux genes of Vibrio fischeri fused to E. coli heat shock promoters. Subsequent 
exposure of these transformed cells to a range of metals, solvents and organics 
resulted in a rapid induction of the bioluminescent response (yan Dyk et al.,
, 
1994). In addition, this study successfully investigated the use of a mutant 
.. 
lux-transformed E. coli strain, containing a membrane mutation resulting in 
the increased permeability of hydrophobic compounds (Dutton et aI., 1990), in 
an attempt to decrease the detection limit for pentachlorophenol. 
The metallothionein (MT) promoter appears to play a central role in 
copper and zinc homeostasis in vivo (Hamer, 1986; Karin, 1985). It also 
responds to the presence of various stress agents (such as heavy metals, 
glucocorticoid hormones and ionising radiation) and has been fused to 
luminescent reporter genes in order to indicate exposure of cells to these 
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agents. Metallothionein is a low molecular weight, metal-binding protein with 
a high cysteine content and is found in most major groups of organisms (e.g. 
Drosophila (Maroni et al., 1986); rainbow trout (Bonham et al., 1987); 
humans (Richards et al., 1984)). In mammalian cells, the genes coding for MT 
respond to the presence of metals by increased transcription (Karin et al., 
1984). The use of hepatic MT levels for monitoring aquatic pollution has 
been suggested (Roch et al., 1982) and fish MTs are of particular interest since 
aquatic organisms are prime targets of toxic environmental pollutants from 
industrial and mining activities. 
The induction of fish MT synthesis in response to heavy metal 
pollution is well documented (Ovemell et at., 1981; Bonham & Gedamu, 
1984; Olsson & Haux, 1985). High levels of metal-inducible expression were 
observed in sea urchin embryos transformed with a construct incorporating the 
MT promoter derived from the sea urchin, Lytechinus pictus, and the cat 
reporter gene (Cserjesi et al., 1992). The Drosophila metallothionein 
promoter (Mtn) has been successfully linked with the luc reporter gene and 
used with mosquito cells for the detection of a range of heavy metal ions and 
organic compounds (Klimowski et at., 1996). The human MT (hMT-IIJ 
promoter, used with the cat reporter gene, showed inducible expression in the 
presence of heavy metal ions in EPe fish cells (Friedenreich & Schartl, 1990). 
The hMT-IIA promoter is known to respond to cadmium, zinc and 
glucocorticoids, whereas hMT-IA only responds to cadmium (Richards et al., 
... 
1984). 
2.3.6 Conclusions 
The use of bioluminescence for determining compound and effluent 
toxicity is attractive since the methods employed are sensitive, rapid, 
relatively simple to perform and do not use higher-order animals. However, it 
is important to determine whether the toxicity observed in the bioluminescent 
assay corresponds to 'real' toxicity occurring in higher organisms in the field 
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and therefore a great deal of comparative testing must be undertaken to this 
end. There currently exists a large volume of toxicity data generated using the 
Microtox™ assay (e.g. Kaiser & Palabrica, 1991) which could also be utilised 
in these comparisons . 
.. 
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3 Materials and Methods 

3.1 	 Selenastrum capricornutum Biosensors For Toxicity 
Assessment 
3.1.1 Introduction 
Selenastrum capricornutum is a unicellular green alga employed for 
ecotoxicological evaluation of compounds and effluents both throughout 
Europe and in the USA. This organism was chosen for study in the first stages 
of the research because: 
• 	 it is an existing OECD standard test organism 
• 	 it can be easily cultured and maintained 
• 	 as a eukaryotic organism it might be suitable for use as a surrogate 

species for other eukaryotes 

• 	 the funding body (ZENECA Ltd.) had a particular interest in the 

exploitation ofthis species for rapid toxicity testing 

Investigations into the use of S. capricornutum as the biocatalytic 
component of a biosensor primarily involved the optimisation of the system in 
terms of response magnitude and stability. This included buffering of the 
bathing medium and adjustment of its total ionic strength. Three mediators, 
previously used in biosensor research, were examined to determine their 
suitability for use with S. capricornutum biosensors. 
Following this work, the sensitivity of the algal biosensor to diuron 
(DCMU) and pentachlorophenol (PCP) was compared to that found using 
other standard toxicity tests. These compounds were chosen since their 
toxicity to a variety of organisms is well-documented in the literature and their 
mechanisms of action are relatively well understood. 	 i I 
I 
I 
I 
I 
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3.1.2 General Procedures 
3.1.2.1 Growth, Maintenance and Harvesting of Cells 
Stock cultures of S. capricornutum (ATCC 22662) were obtained from 
ZENECA Ltd. and maintained in BO-11 minimal media (see Appendix I for 
details of media constituents and preparation procedure) under constant 
illumination (1400 ± 200 lux), in an incubated shaker (150 r.p.m., 26°C). The 
absorbance of algal culture at 663 nrn (OD663) was used to monitor algal 
growth. Cultures required for use in biosensor studies were harvested using 
aseptic technique when the OD663 > 0.5 and subsequently diluted with BO-l1 
media until the OD663 = 0.5 ± 0.05, following the procedure of Willmer (1990). 
The resulting cell suspension was centrifuged (12,000 r.p.m.; 1 min) and the 
cell pellet re-suspended in BO-l1 (50 fl.l). The re-suspended cells were kept in 
the dark overnight (26°C) in order to minimise the respiratory response during 
photosynthesis. 
3.1.2.2 Sensor Construction and Electrochemical Measurements 
Algal biosensors were constructed using the following procedures, 
unless otherwise stated. Light-starved cells were pipetted onto two alumina 
filter discs, which were then brought together so as to sandwich the cells 
(50 fl.l cell suspension per 'sandwich'). This sandwich was placed onto the 
working graphite surface of a strip electrode and held in place with micropore 
tape (Fig. 3.1). The biosensors were then placed in BG-ll media at room 
temperature until required. Electrochemical measurements were carried out in 
an array of flat-bottomed sample vials (25 x 50 mm), each containing BG-l1 
media (15 ml) and a magnetic follower, on a multibed stirrer (700 r.p.m.). The 
biosensor electrodes were used in conjunction with chloridised silver wires 
used as combined counter and reference electrodes. Each pair of electrodes 
was connected to a potentiostat (in-house construction) that maintained the 
working electrode at +550 m V with respect to the reference. 
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Figure 3.1: Flow diagram to illustrate biosensor construction. 
Initial algal biosensor experiments were conducted in a cabinet 
designed to exclude ambient light. Illumination was provided by an 18 W 
white, fluorescent light subject to a regular on/off regime of 5 min light and 
5 min dark. Subsequent investigations were conducted without the exclusion 
of ambient light, since this did not appear to interfere with the biosensor 
responses. Illumination was again provided by an 18 W white, fluorescent 
light, although the illumination provided remained continuous throughout the 
monitoring period. 
3.1.2.3 Data Analyses 
Monitoring of Photosynthesis 
The average peak height of the mean current during each illumination 
period was calculated using the following equation, 
average peak height = [(a - b) + (a - c)] /2 
where a = maximum peak current during illumination; b = minimum elUTent 
before illumination; c = minimum current after illumination (Fig 3.2). 
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Some data were also presented as normalised mean peak heights 
against time, where the average peak heights were normalised against Imax (i.e. 
the maximum average peak. height produced by each treatment) in each case. 
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Figure 3.2: A single current peak obtained from a Selenastrum capricornutum biosensor, 
during a five minute illumination period in the presence of p-benzoquinone mediator. 
a) Maximum current during illumination period; b) minimum (background) current during 
dark period prior to illumination; c) minimum (background) current during dark period 
following illumination. 
For experiments employing continuous illumination, data were 
presented as mean currents or mean normalised currents (± S.E. where error 
bars are shown), where data were normalised with respect to the maximum 
current in each case, unless otherwise stated. For toxicity experiments 
employing continuous illumination, the measured currents were corrected for 
the dark current using the following relationship: 
Ipc(t) ~ let) - mt - c 
where Ipc(t) is the photocurrent at time t 
let) is the measured current at time t 
m is the slope of the line joining the dark currents 
(b and c in Fig. 3.2) 
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c is the intercept of the line joining the dark currents 
(b and c in Fig. 3.2) 
Anova and Student's t-test were used to test for significance where 
stated, using Excel™ Data Analysis Tools. 
Toxicity Investigations 
Mean nonnalised currents were calculated from the data for each 
treatment, with responses being nonnalised with respect to the current at the 
point of toxicant addition. Percentage inhibition values for each concentration 
of toxicant tested were calculated as follows (after 30 minutes exposure): 
Inhibition (%) = {l-(I/Ie)} x 100 
where 	 It is the mean normalised response of the treatment 

Ie is the mean normalised response of the control 

The EC50 value was defmed as the concentration of toxicant leading to a 50 % 
reduction in the response, using the response of control sensors as a baseline 
and was estimated from a concentration-inhibition graph, using the inhibition 
values calculated as described above (± S.E.) . 
.. Mathematical Modelling of Toxicity Data 
The determination of ECso values as described above depends on an 
arbitrary choice of exposure time. In addition, most of the data collected 
during the exposure are neglected. These two facts led to the postulation of a 
mathematical model (Haggett, pers. comm.) in order to make more efficient 
use of the available data and to produce more sensitive EC50 values. This 
model assumes a hyperbolic relationship between the exposure time of the 
organism (in this case, the biosensor) and the measured effect (seen as current 
inhibition). This enables measured data to be 'fitted' to the model so as to 
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produce inhibition values that are less dependent on the choice of an arbitrary 
time. 
The normalised data from toxicity investigations using 
S. capricornutum biosensors (calculated as described above) were used with 
the hyperbolic model: 
1= 1 - [{ (lnma,) x (t-to)} / {curvy + (t-to)}] 
where 1,r:nmax the steady state inhibition ( constrained to be :::::; 1) 
t = monitoring time (arbitrary zero) 
to initial time of toxicant perturbation and is constrained 
between the following values, 
(to - 20) :::::; time of toxicant addition:::::; (to + 20) 
curvy defines the curvature of the hyperbola 
I is the current normalised with respect to the current at the 
time of toxicant addition and with respect to the normalised 
controls 
3.1.3 Optimisation ofSelenastrum capricornutum Biosensors 
Effect of Culture Age on Biosensor Response 
A culture with an optical density at 663 run of approximately 1.6 was 
used to inoculate four test flasks of BG-ll media (l00 ml). These were grown 
under the conditions described in section 3.1.2. Samples (1 ml) were removed 
from the four test flasks approximately every 24 h, using aseptic technique, for 
the determination of culture optical density in order to monitor the growth of 
the cultures over time. The 1 ml samples isolated from each flask were pooled 
and immobilised on electrodes as described in section 3.1.2. Four replicate 
biosensor electrodes were prepared and placed individually in stirred vials of 
phosphate-buffered BG-ll media (PH 7.4). This procedure was followed on 
each successive day of measurement, although whilst the culture OD was 
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measured as being less than 0.5, no biosensor electrodes were constructed. 
Preliminary investigations into the use of redox mediators had identified 
0.5 mM p-benzoquinone (BQ) as being suitable for use with S. capricornutum 
biosensors (more detailed results of these investigations can be found in 
section 4.1.3); the mediator was added 10 minutes prior to monitoring in order 
to allow entry of BQ into the cells and for the biosensor signal to stabilise. 
The mean response was determined from the currents obtained and used to 
determine the effect of culture age on biosensor response. 
Bathing Media 
S. capricornutum culture was isolated, prepared, immobilised and 
monitored as in section 3.1.2, when the OD663 = 1.3-1.5. The mediator used 
for all investigations was p-benzoquinone (BQ; 0.5 mM). Phosphate buffer 
(10 mM; pH 7.4) and HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane­
sulphonic acid, 10 mM; pH 7.4) were made up in BG-l1 media. Subsequent 
investigations used different phosphate buffer concentrations, prepared 
separately in BG-ll media and subsequently pipetted into biosensor vials. 
The ionic concentration of the media was kept constant as the buffer 
concentration was varied, by various additions of 65.5 mM potassium chloride 
stock solution. 
Initial range-finding experiments identified a concentration of 25 mM 
... 	 phosphate buffer as providing an adequate biosensor response, and this was 
used during an investigation into the effects of increasing ionic strength on 
algal biosensor responses. The ionic strength of the bathing media was altered 
by the addition of a stock solution of potassium chloride (65.5 mM) m 
differing proportions. Ionic strength is defined as follows: 
Ionic Strength = t L c,z; 
I 
where: 	 Ci is the concentration of ion 'i' 

Zi is the charge of ion 'i' 
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3.1.4 Redox Mediators 
Electrodes were set up in vials of stirred, buffered BG-ll media 
(25 ruM phosphate, pH 7.4; 131 mM ionic strength, adjusted with KCI). 
p-Benzoquinone (BQ, Aldrich), 2,6-dimethylbenzoquinone (DMBQ, Aldrich) 
and ferricyanide (FeCN, Aldrich) were prepared as stock solutions in BG-l1 
media and added to vials to give the appropriate concentrations. 
3.1.5 Toxicity Assessments 
Electrodes were set up in vials of stirred, buffered BG-ll media 
(25 mM phosphate, pH 7.4; 131 mM ionic strength, adjusted with KCI) and 
mediator (BQ, 0.5 mM) added. Biosensors were left 10 minutes prior to 
monitoring in order to allow entry of BQ into the cells and for the biosensor 
signal to stabilise. Pentachlorophenol (PCP; 30 mM) and diuron (DCMU; 
30 mM) were made up as stock solutions in ethanol; dichromate (0.5 M) was 
made up as a stock solution in de-ionised water. Toxicants were added, 
following stabilisation of the biosensor response, to give the desired vial 
concentrations. 
3.1.6 Cryopreservation of Selenastrum capricornutum Biosensors 
Initial experiments used Selenastrum capricornutum culture harvested 
in the stationary phase (30 day old) and prepared for immobilisation onto 
biosensors as described in section 3.1.2.1. Biosensors were constructed as 
described in section 3.1.2.2, using 20 III of culture per filter sandwich. 
Subsequent toxicity investigations, involving the exposure of thawed and 
freshly made biosensors to mercuric chloride, used S. capricornutum culture 
harvested in the log phase, as described in section 3.1.2.1 and these biosensors 
were constructed according to the protocol described in section 3.1.2.2. 
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Completed electrodes were placed in BG-ll media containing 10 % 
DMSO (room temperature; 15 min) prior to cooling. Following exposure to 
DMSO the electrodes were placed in cryovials (3-6 electrodes per vial) with 
rubber stoppers and cooled using the step-wise procedure described below: 
1. start temperature = 20°C 
2. samples cooled at a rate of 2 °C per minute until 0 °C 
3. samples cooled at a rate of 1 °C per minute until -60°C 
4. samples cooled at a rate of S °C per minute until -80°C 
5. samples cooled at a rate of20 °C per minute until-ISO °C 
On termination of the program the cryovials containing biosensor electrodes 
were removed from the controlled cooler, sealed securely with a crimped 
metal top and placed in a dewar, containing liquid nitrogen at a temperature of 
-196°C. 
In order to thaw the electrodes, vials were removed from the dewar and 
allowed to come to room temperature (warm tap water was allowed to run over 
the vials to aid the thawing procedure). Biosensor electrodes were removed 
from the cryovials with tweezers and submerged in BG-l1 media at room 
temperature for 15 min prior to monitoring. Electrodes were monitored as 
described in 3.1.2.2, with continuous illumination being provided. 
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3.2 	 Fish Cell Biosensors For Toxicity Assessment 
3.2.1 Introduction 
Epithelioma papulomum cyprini (EPC) and bluegill sunfish 

fibroblastic (BF-2) cell lines were obtained from the National Rivers Authority 

(Anglian Region) and the European Collection of Animal Cell Cultures 

(ECACC) respectively. These cell lines were chosen due to their reported 

robustness and ready availability. In addition, the BF-2 cell line was reported 

to be particularly suitable for toxicity assessment (Babich & Borenfreund, 

1987a; Babich et al., 1986) and to exhibit a rapid growth rate. 

The initial aims of the research were: 
• 	 to detennine the regime for preparing and immobilising the cells onto 

biosensor electrodes, and 

• 	 to interrogate the immobilised cells with appropriate mediators and 

so generate sensor signals. 

Once a basic protocol had been established for the use of fish cell 

biosensors, investigations were undertaken in order to improve the conditions 

under which the BF-2 biosensor was used. These further investigations 

.. included: 
• 	 optimisation of the biosensor interrogation conditions, i. e. optimal 

mediator type and concentration; supplementation of the bathing 

media (PBS) with nutrients, and 

• 	 optimisation of the cell density immobilised between the alumina 

filters. 

The sensitivity of the fish cell biosensor was evaluated using a range of 

toxicants exhibiting differing modes of action within cells and organisms. 
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Compounds were chosen from a number of toxicant groups, such as phenols, 
inorganic metal salts and organometallic compounds. The following studies 
were undertaken with the chosen toxicants: 
• exposure of biosensor electrodes to toxicants over a 30 minute 
period, 
• prolonged exposure investigations, involving the pre-incubation of 
electrodes with toxicants (2-17 h), and 
• use of the neutral red retention cytotoxicity assay (incorporating fish 
cells) in order to make comparisons between the resulting toxicity 
data and that obtained from biosensor studies. 
3.2.2 General Procedures 
3.2.2.1 Growth and Maintenance of Cells 
Cells were grown as mono layers in rectangular culture flasks according 
to standard NRA guidelines (Appendix lIb). Growth was supported by the 
provision of GMEM (minimal essential media for growth; Appendix IIa). 
Splitting was undertaken once the cell layer reached confluency 
(approximately 1-2 weeks for EPC; 1 week for BF-2); the split ratio was 1:4, 
although a lower split ratio was used in certain instances where the cells had 
.. not reached confluency (Appendix lIb) . 
3.2.2.2 Harvesting of Cells 
Cells were harvested by trypsinisation of the layer from the bottom of 
the flask (Appendix lIb) and the resultant 1 ml portion of cells diluted in 
phosphate buffered saline (PBS, 5 ml). The diluent was centrifuged 0000 
r.p.m., 10 min) as 1 ml aliquots and the resulting pellet was re-suspended in 
PBS (50 Ill; also see section 3.2.3). 
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3.2.2.3 Sensor Construction 
All fish cell biosensors were constructed using the following 
procedures, unless otherwise stated. Aliquots (10 Ill) of the cell suspension 
were loaded onto alumina filter discs, pairs of which were placed together so 
as to sandwich the cells (2 x 10 Ill) between the alumina. The sandwiched 
discs were immobilised on graphite strip electrodes using microporous tape as 
previously described (Section 3.1.2.2; Fig. 3.1). The biosensors were placed 
into PBS at room temperature until required. 
3.2.2.4 Electrochemical Measurements 
Electrochemical measurements were carried out in an array of flat­
bottomed sample vials (25 x 50 mm) on a multibed stirrer (700 r.p.m.). Each 
vial contained 15 ml PBS, supplemented with 25 mM glucose. The biosensor 
electrodes were used in conjunction with chloridised silver wires which were 
used as combined counter and reference electrodes. Each pair of electrodes 
was connected to a potentiostat that maintained the working electrode at 
+550 m V with respect to the reference. 
3.2.2.5 Data Analyses 
Monitoring of Cellular Metabolism 
... 
Mean biosensor responses were normalised with respect to ~a.x (i. e. the 
maximum biosensor current produced by each treatment mean), or with 
respect to the point of supplement addition, as described: 
• 	 mean and standard error (S.B.) were calculated for each treatment. 
• 	 means and S.B. values were normalised with respect to Imax or the 
point of supplement addition for each treatment, 
• 	 normalised mean responses were plotted against time. 
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Unless stated otherwise, the response shown is the mean ± S.B. (where error 
bars are shown), with the S.E. being calculated as follows: 
standard error = standard deviation / ~(number of replicate treatments) 
Toxicity Investigations 
In the investigation of toxicants, mean normalised responses were 
produced and plotted, with error bars, against time in the same way as 
described above (Note: the mean and S.E. values were normalised with respect 
to the current at the point of toxicant addition). The ECso value was calculated 
as the concentration of toxicant leading to a 50 % perturbation (usually 
inhibition, but stimulation in the case of pentachlorophenol and 
3,5-dichlorophenol) of the response (with control currents taken as the 
maximum unperturbed responses) after a set time (usually 30 minutes from the 
addition of toxicant). The uncertainty in the ECso value was estimated from 
the errors associated with biosensor responses to tested toxicant concentrations 
closest to the estimated ECso concentration. Mathematical modelling of the 
biosensor data for each toxicant used was carried out as described in section 
3.1.2.3. 
Neutral Red Retention Assay Investigations 
Mean neutral red inhibition is shown with error bars calculated using 
the standard error of the data, as described above. Neutral red assay ECso
.. 
values were estimated as the concentration resulting in 50 % inhibition of the 
absorbance (measured at 590 nm) when compared to the control absorbance. 
3.2.3 Optimisation ofFish CeU Biosensors 
3.2.3.1 Bathing Media Optimisation 
Initial investigations involved both MMEM and PBS as bathing media 
for BF-2 biosensors, with BQ (0.5-1.0 mM) as the mediator. Further 
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optimisation of the biosensor bathing media involved the use of PBS 
supplemented with either glucose (5-25 rnM; 150-750 III of 0.5 M stock 
solution), lactate (5-20 mM; 150-600 III of 0.5 M stock solution), or a 
combination of these two. The mediator used in these further investigations 
was 2,6-dimethylbenzoquinone (DMBQ, 0.05 mM), added 300 s after the start 
ofmonitoring. 
3.2.3.2 Redox Mediators 
Dichlorophenolindophenol (DCPIP, Aldrich), potassium ferricyanide 
(FeCN, Aldrich), 2,6-dimethylbenzoquinone (DMBQ, Aldrich). and 
p-benzoquinone (BQ, Aldrich) were prepared as stock solutions in phosphate­
buffered saline (PBS; 2.2, 248, 2.0 and 1.5 gil respectively). Menadione 
(Aldrich) was prepared in ethanol (95 %, AR) to give a stock solution 
(15.6 gil). Mediator compounds were added to give the appropriate 
concentrations in each vial. 
3.2.3.3 Cell Loading Density 
All cell loading density experiments were run usmg biosensors 
constructed as described in section 3.2.2.3, bathed in PBS + 25 mM glucose. 
The mediator chosen for these investigations was DMBQ (0.2 mM). 
Effect ofCell Density on Biosensor Response to Mediator 
Re-suspension of cell pellets in individual microcentrifuge tubes 
following centrifugation was done in increasing volumes of PBS (30, 40, 50, 
100, 200, 500 JlI) in order to give rise to a range of cell densities following 
loading and average cell densities were estimated for each loading from cell 
counts using a haemocytometer. The number of cells found in three large 
squares of the haemocytometer grid were determined and the average of these 
values taken as the mean number of cells per large square (X). The numbers of 
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cells per ml in each sample were determined according to the instructions 
supplied with the haemocytometer, i.e. the following calculation: 
x x 25 x lOx 1000 = cells! ml (diluted!) 
no. cells per ml in sample = cells! ml (diluted) x dilution factor 
Effect of Cell Density on Biosensor Response to Toxicant Exposure 
Re-suspension of pellets in individual microcentrifuge tubes following 
centrifugation was done in different volumes of PBS (30, 50, and 100 J.lI) in 
order to result in different cell densities on the biosensor electrodes following 
loading. Toxicant (potassium dichromate,S mM final concentration) was 
added at 300 s. 
3.2.4 Toxicity Assessments 
3.2.4.1 Biosensor Toxicity Assessments 
Biosensor electrodes were allowed to stabilise (5 min), following 
addition of mediator (DMBQ, 0.05 mM) prior to the addition of toxicant. The 
following toxicants were made up as stock solutions in de-ionised water: 
potassium dichromate (200 mM), copper (II) chloride (100 roM), zinc (II) 
.. chloride (150 mM), mercury (II) chloride (100 mM) and potassium cyanide 
(1.5 mM). Pentachlorophenol (pCP; 50 mM), 3,5-dichlorophenol (3,5-DCP; 
50 mM), tributyltin (TBT; 0.6 mM), and diuron (DCMU; 30 mM) were 
prepared in ethanoL Lindane (60 mM) was made up in acetone. 
Following the addition of toxicant, the redox-mediated currents were 
monitored for a further 55 min. Control vials had no additions made during the 
course of electrochemical monitoring, although since the current decreased 
1 Some of the samples were too dense to count accurately and therefore had to be diluted 
further with PBS in order for the cell number to be accurately detennined. 
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with time in the absence of toxicant, the decline of control sample responses 
was accounted for in the ECso calculation (as described in 3.2.2.5). 
3.2.4.2 Pre-Exposure ofBF-2 Biosensors to Toxicants 
Biosensors were pre-exposed to toxicants (potassium dichromate, 
0-10 mM for 2 or 17 h; pentachlorophenol, 0.04-0.09 mM for 17 h). At the 
end of the exposure period the biosensors were monitored for 1 h, with 
mediator being added at 300 s. 
Two control runs were performed, where mediator alone (DMBQ, 
0.2 mM) was added to three replicate biosensor vials and cellular metabolism 
was subsequently monitored for 60 minutes. The first controls were 
monitored at the start of the exposure period in order to ensure that cells were 
responding in the usual way to the mediator; whilst the second set of controls 
were monitored at the same time as the toxicant pre-exposed electrodes, 
following the pre-exposure period (i.e. after 2 or 17 h). The second control run 
was required in order to determine the natural decrease in metabolic response 
and hence the current produced that could not be attributed to the effects of 
added toxicants and these data were used in subsequent EC50 calculations. The 
ECso (2 h exposure) and percentage inhibition (17 h exposure) values were 
calculated using data obtained 30 minutes after the addition of mediator. 
.. 
3.2.4.3 Neutral Red Retention Assay Toxicity Assessments 
The procedure followed was a modification of that described by 
Borenfreund & Puemer (1984) and Babich & Borenfreund (1990). Cells were 
harvested by trypsinisation, as described in Appendix IIb. The resultant 
cell/trypsin portion (1 ml) was diluted in GMEM (10 % FBS; 25 ml). Portions 
(200 Ill) of this cell suspension were pipetted into individual wells ofa 96-well 
micro-titre plate. The plates were sealed with film and incubated (26 °C, 
24 h). After the incubation period, the medium was removed with a pipette 
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and replaced with fresh MMEM (2 % FBS) that included varIOUS 
concentrations of toxicants as detailed in 3.2.4.1 (200 1-11 total volume). The 
plates were again sealed with film and incubated (26°C, 24 h). In addition, 
neutral red solution (50 J.1g/ml) was prepared in PBS and incubated overnight, 
to allow for the precipitation of undissolved crystals of dye (37°C). The 
neutral red solution was then centrifuged and the supernatant transferred to a 
fresh tube, ready for use. 
The media-toxicant mixture was removed and replaced with neutral red 
solution (200 J.1l)! and plates were sealed and incubated (3 h) to allow uptake 
of the dye into the lysosomes of viable, uninjured cells. Following this 
treatment, the cells were washed with a fixative solution (4 % formaldehyde, 
1 % CaCI2, 200 1-11). This was then replaced with an aqueous mixture (200 Jll) 
of acetic acid (l %) and ethanol (50 %) in order to extract the dye from the 
cells. The plates were left at room temperature (at least 20 min) before a short 
(2 min) agitation on a shaker. The absorbance of each well was determined 
against the blank, at 540 nm and these absorbances were used to estimate EC50 
values for the toxicants, as described in 3.2.2.5. Assays were performed in 
duplicate . 
.. 

I 	Well Al was used as the blank in each plate and received MMEM instead of neutral red dye. 
It was subsequently treated in the same way as all other wells. 
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3.3 	 Luminescent Reporter Genes as Tools in Toxicity 
Assessment 
3.3.1 Introduction 
The work undertaken had three main aims: 
• 	 the cloning of the luc gene into a suitable vector for use with the BF-2 
cell line, 
• 	 the genetic transformation ofBF-2 cells with the luc construct or 
plasmid DNA incorporating the gfp reporter gene, and 
• 	 the assessment of the toxicity testing potential of the transformed BF-2 
cell line. 
A construct incorporating the luc gene had to be cloned using a vector 
suitable for eukaryotic cells. The pCl vector (Scandinavian Diagnostic 
Services, Falkenberg, Sweden; Figure 3.3) incorporates a strong cyto­
megalovirus (CMV) enhancer/promoter region, an optimised chimeric intron 
and the simian virus 40 (SV 40) late polyadenylation signal. 
BglII 
.. 

pCI vector 
4kb 
XhoI 
EeoRl 
MluI 
KpnI 
XbaI 
Sall 
AccI 
SmaI 
BstZI 
Notl 
Figure 3.3: Schematic of the pCl vector into which the /uc gene was cloned. 
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pUC18Not-luc 
5.4 kb 
These three elements combine to yield strong, constitutive expression of the 
cloned genes in eukaryotic cells (Huang & Gorman, 1990; Carswell & Alwine, 
1989). The vector also contains a high copy plasmid replicon and a multiple 
cloning region, into which the luc fragment DNA could be cloned following 
its isolation from pUC18-1uc plasmid DNA (in-house construct cloned at the 
University of Stockholm, Sweden; Fig. 3.4). In addition to these attributes, 
the pCI vector confers ampicillin resistance to E. coli, making it easy to select 
for transformed clones during the preparation and isolation of the cloned 
plasmid DNA. 
Not! Sal! 
luc 
.. 
Figure 3.4: Schematic of the pUC 1 8luc plasmid from which the luc gene was isolated. 
Three methods of DNA incorporation were tested: 
• passive transfection by calcium-mediated transfer of DNA, 
• lipofection (lipid-mediated transfer of DNA), and 
• electroporation of the cells in the presence of plasmid DNA. 
NotI 
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3.3.2 Construction of Plasmid DNA Containing the luc Gene 
All restriction enzymes and buffers appropriate to each enzyme were 
obtained from Boehringer-Mannheim (Mannheim, Gennany) and Phannacia 
Biotech AB (Uppsala, Sweden). All additions of water were made using 
double distilled water. 
3.3.2.1 Cloning Strategy 
The general procedure for the preparation of the luc DNA construct 
used for transfection is briefly described in a flow diagram (Figure 3.5). The 
pCI mammalian expression vector (Promega) was digested with the Notl 
restriction enzyme. pUC18-1uc plasmid DNA was also digested with the NotI 
restriction enzyme and the resulting luc DNA fragment subsequently ligated 
into the pCI vector. 
3.3.2.2 Digestion and Preparation of Vector DNA 
The following ingredients were placed together in a micro centrifuge 
tube and incubated in a water bath (37 °C, 2 h): 
5 III pCI vector DNA 

9 III NotI restriction enzyme 

.. 
5 III buffer Hl (for Notl restriction enzyme) 
1.5 III One-Phor-All buffer (for all restriction enzymes) 
1.5 III Triton X-IOO 

128 III water 

1 Buffer H (10 x concentration) contains 50 mM Tris-HCl, 10 mM MgCI2, 100 mM NaCl, 
1 mM dithioerythritol; pH 7.5. 
2 One-Phor-All buffer (10 x concentration) contains 100 mM Tris acetate, 100 mM 
magnesium acetate, 500 mM potassium acetate; pH 7.5. 
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The pCl vector digest required subsequent treatment with alkaline 
phosphatase in order to prevent re-ligation of the vector from occurring. 
pUC18/uc digested with 
Notl restriction enzyme pCI mammalian expression 
I vector digested with Notl 
Iuc DNA digest run on agarose restriction enzyme 
gel and fragment of interest 
excised with a scalpel 1 
I pCI digest treated with alkaline phosphatase to prevent 
DNA fragment removed from gel vector religation 
portion using a Jetsorb kit 
I I 
80th pCI vector and luc DNA separately precipitated 
in order to purify the DNA in each case 
I 
Precipitates re-suspended in TE bufferI I 
I 
Iuc fragment and pCI vector DNA ligated together 
in a 3: 1 molar ratio (fragmentvector) 
J 
Iuc pcDNA electroporated into E. coli cells; 
subsequently grown on agar incorporating ampicillin, 
in order to select for transformed colonies 
colonies selected and grown in nutrient broth I 

I 

Resulting cultures used in a luciferase assay in order 
to identify those expressing luminescence 
I 
Plasmid DNA recovered from luminescent colonies 
using a Qiagen kit; further purified using a caesium 
chloride gradient 
I 
Success of the cloning procedure determined by 
digestion of the prepared pcDNA with Notl enzyme, 
and identification of resulting fragments on an 
agarose gel 
I 
Iuc pcONA ready for use in transfectionL J 
Figure 3.5: Flow diagram showing the step-wise procedure involved in the cloning and 
preparation of a luc pcDNA construct. Further details are given in the text. 
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The following constituents were added to the pCI vector DNA (20 Jll) 
in a microcentrifuge tube and incubated (37°C, 30 min): 
70 III water 
20 III dephosphorylation bufferl 
5 Jll diluted calf intestinal alkaline phosphatase 
(made up from 1 III stock enzyme and 19 I..d of buffer) 
The alkaline phosphatase enzyme was heat inactivated following the 
digestion procedure (85°C, 15 min). 
3.3.2.3 Digestion of Source DNA 
The following ingredients were placed together in a microcentrifuge 
tube and incubated in a water bath (37°C, 2 h): 
8 III pUCl8-luc plasmid DNA 

8 III NotI restriction enzyme 

5 III buffer H 

1.5 III One-Phor-All buffer 
1.5 III Triton X-I 00 

126 III water 

The luc DNA digest was run on a gel (0.8 % agarose, 5 III ethidium 
bromide (50 mg/ml) in TBE (Tris-boric acid-EDTA) buffer), at 80 V against 
standard molecular weight markers. The fragment of interest (1.8 kilobases) 
was excised from the gel with a scalpel under UV illumination. A DNA 
extraction kit (JetsorbTM) was then used to isolate the DNA from the gel. The 
procedure was as follows: 
1 	 Dephosphorylation buffer (stock = 10 x concentration) contains 0.5 M Tris-Hel, 1 mM 
EDTA; pH 8.5. 
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1. 	 Binding of DNA: buffer AI was added (300 III per 100 mg of DNA/gel 
fragment; buffer AI contained NaCI04, TBE stabiliser, sodium acetate), 
followed by the addition of Jetsorb™ solution (10 III per 100 mg of 
DNA/gel fragment); the mixture was vortexed and incubated (50°C, 
15 min) with further vortexing every 3 min during the incubation. 
2. 	 The samples were centrifuged (10,000 g, 30 s) and the supernatant 
removed. 
3. 	 1st Wash: the pellet was washed with buffer AI (300 J.lI per 100 mg of 
DNA/gel fragment) and re-suspended by vortexing. 
4. 	 The samples were centrifuged (10,000 g, 30 s) and the supernatant 
removed. 
5. 	 2nd Wash: the pellet was washed with buffer A2 (300 III per 100 mg of 
DNA/gel fragment; ethanol, NaCI, EDT A, Tris-HCI) and re-suspended by 
vortexing. 
6. 	 The samples were centrifuged (10,000 g, 30 s) and the supernatant 
removed. 
7. 	 Steps 5 and 6 were repeated. 
8. 	 The pellet was air-dried (37°C, 20 min). 
9. 	 Elution of DNA: TE buffer (20 III per 100 mg of DNA/gel fragment; 
10 mM Tris-HCI, 1 mM EDTA, pH 8.0) was added and the pellet re­
suspended by vortexing; the samples were incubated (50°C, 5 min) and 
mixed once during this incubation . 
.. 	 10. The samples were centrifuged (10,000 g, 30 s), the supernatant removed 
and transferred to a fresh microcentrifuge tube. Samples were stored 
(4°C) until required for ligation into the vector DNA. 
3.3.2.4 Precipitation of DNA and Ligation 
Both vector DNA and luc fragment DNA were precipitated in order to 
purify the DNA as much as possible prior to the ligation reaction. Potassium 
acetate (1.32 M, pH 4.8) and isopropanol were added. to the DNA to give 10 % 
and 0.6 % (v/v) final concentrations, respectively, for each solution. The 
mixture was then centrifuged (14,000 r.p.m., 30 min) and the supernatant 
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removed. A solution of 80 % ethanol (0.5 ml) was then added to the 
precipitate and the contents further centrifuged (5 min). The supernatant was 
again removed and pellets re-suspended in Tris-EDT A solution (10 mM Tris, 
1 mM EDTA, pH 7.5-8.0). The prepared fragment and vector DNA samples 
were added together in differing quantities in microcentrifuge tubes, with T4 
ligase enzyme, ligation bufferl and double distilled water (Table 3.1). The 
micro centrifuge tubes were then incubated (16 °e, 2 h). 
Ligation Buffer T4 Ligase Fragment DNA Vector DNA water 
fill fill fill 	 fill fill 
1 0.5 0.5 2 	 1 1 
2 0.5 0.5 I 	 I 2 
3 0.5 0.5 0 	 I 3 
Table 3.1: Ligation reactions set up for the cloned constructs. 
3.3.2.5 Electroporation of Constructs and Isolation of Colonies 
The three ligations described above were inserted into E. coli by 
electroporation using an ECM-600 model electroporation system (BTX, San 
Diego, CA., USA; adjusted to 2.5 kV, 186 Q). An E. coli culture was washed 
.. 	 four times in sterile, distilled water and resuspended to give approximately 
1010 cells per ml prior to the electroporation (cells were washed in order to 
prevent salts interfering with the procedure). The ligase mixture (1.5 Ill) was 
added to the E. coli culture (80 Ill) and then left to stand on ice (10 min). The 
mixture was electroporated and cells immediately re-suspended in LB medium 
(1 % tryptone, 0.5 % yeast extract, 0.5 % sodium chloride) and incubated 
(37 °e, 30-40 min). Suspensions were subsequently plated out onto agar LB 
medium incorporating ampicillin (80 J-lg/ml), in order to select for transfonned 
I 	 Ligation buffer (stock = 10 x concentration) contains 660 mM Tris-HCI, 50 mM MgC12, 
10 mM dithioerythritol, 10 mM ATP; pH 7.5. 
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cells. Three plating densities were employed (20 /.11, 200 Ill, and the remainder 
of the suspension). The plates were incubated (37 cC, overnight) and 
individual colonies were collected from the plates and grown in LB media 
(3 ml, 37°C, 4-5 h) containing ampicillin (50 /.1g/rnl). The cultures were 
tested for lwninescence by assaying for luciferase activity (as described in 
3.3.2.6). All agar plates were wrapped in parafilm and stored (4°C) for 
possible future investigation. 
3.3.2.6 Luciferase Assay Using E. coli Cells 
A luciferase assay was carried out in order to determine which of the 
isolated E. coli colonies had taken up the plasmid DNA successfully and could 
subsequently express the luciferase protein. The assay required addition of 
luciferin substrate, although ATP to drive the reaction was provided by cell 
reserves. The following constituents were added together in a microcentrifuge 
tube: 
150 /.111uciferin (10 mM stock) 
150 III citric acid (pH 5) 
1200 III water 
A sample of culture (0.5 ml) was removed from each growing stock 
and placed in a microcentrifuge tube. These were then centrifuged 
... 	 (10,000 r.p.m., 5 min) and the supernatant removed. The luciferin mixture 
was added (100 III per micro centrifuge tube), the pellet was re-suspended and 
the tubes were incubated at 37°C for 5 min. Light produced by the cells was 
measured by transferring the cell suspension into a cuvette and reading the 
quanta produced per second using a lwninometer (in-house construction). 
3.3.2.7 Plasmid DNA Recovery and Purification from E. Coli 
A sample of E. coli from a colony identified as producing a 
luminescent response in the luminometer was excised from the original plate 
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and grown III LB medium (15 ml, 37 DC, 4-5 h) containing ampicillin 
(50 ~g/ml). The cell suspension was then transferred to a larger volume of 
nutrient broth (500 ml), containing ampicillin (50 J.!g/ml) and further incubated 
at 37°C overnight, in order for the cells to produce a higher yield of plasmid 
DNA. The plasmid DNA was extracted using a Qiagen™ maxi-DNA 
preparation kit. The procedure was as follows: 
1. 	 E. coli culture was centrifuged (6,000 r.p.m., 30 min) and the supernatant 
removed with a pipette. 
2. 	 The cell pellet was re-suspended in buffer PI (50 ml; 50 mM Tris-Hel 
(PH 8.0), 10 mM EDTA, 100 I-Lg/ml Rnase A) and mixed thoroughly with 
a pipette. 
3. 	 The cells were lysed with buffer P2 (50 ml; 0.2 M NaOH, 1 % SDS); 
samples were mixed gently by inversion and the solutions incubated at 
room temperature (5 min). 
4. 	 The samples were neutralised with pre-chilled buffer P3 (50 ml; 3 M 
potassium acetate, pH 5.0); samples were mixed immediately following 
buffer addition to avoid localised potassium dodecyl sulphate precipitation 
and then placed on ice (30 min), during which time they were mixed 
periodically. 
5. 	 The samples were centrifuged (20,000 g, 30 min, 4 DC), the supernatant 
was removed and filtered through a double layer of Kleenex™ tissues (this 
removed any suspended or particulate matter from the solution which can 
clog the Qiagen-tip 500 and reduce the flow through it). 
6. 	 Qiagen-tips were equilibrated with 10 ml of QBT buffer (750 mM NaCl, 
50 mM MOPS (PH 7.0), 15 % ethanol, 0.15 % Triton X-lOa) and the 
columns allowed to empty. 
7. 	 The supernatant from step 5 was applied to the Qiagen-tips and allowed to 
enter the column resin (30 ml of supernatant were applied per Qiagen­
tip 500). 
8. 	 The colwnn resin was washed twice with buffer QC (30 ml per Qiagen-tip 
500; 1.0 mM NaCl, 50 mM MOPS (PH 7.0), 15 % ethanol); the first wash 
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removed all contaminants, although a second wash was recommended 
where large culture volumes were used. 
9. 	 The DNA was eluted with buffer QF (15 ml per Qiagen-tip 500; 1.25 M 
NaCl, 50 mM Tris-HCI (PH 8.5), 15 % ethanol). 
10. The DNA was precipitated with isopropanol (0.7 %, room-temperature) 
and centrifuged (15,000 g, 30 min, 4°C). The supernatant was removed. 
11. The pellet was washed with ethanol (0.7 %, 5 ml) and re-centrifuged 
(20,000 g, 20 min, 4 QC). The supernatant was removed. 
12. The pellet was air-dried (15 min) and re-suspended in TE buffer (300 Ill). 
The re-suspended DNA was transferred to a fresh microcentrifuge tube. 
Further purification was undertaken in order to ensure the DNA was of 
the highest purity. This involved the use of a caesium chloride gradient to 
isolate the appropriate band of DNA. The procedure was as follows: 
1. 	 The Qiagen™-prepared DNA was diluted to 1.5 ml with TE buffer, to 
which 4.3 g of caesium chloride were subsequently added. The volume 
was adjusted to 4 ml with TE buffer and the solution transferred to a 
'Quick-Seal' polypropylene ultracentrifuge tube (Boehringer-Mannheim). 
2. 	 Ethidium bromide (250 III of 50 mg/ml stock solution) was added to the 
tube. 
3. 	 The remaining volume was filled with a layer of oil. 
4. 	 A balance tube was prepared and its weight adjusted to within 10 mg of the 
sample tube. 
5. 	 Both sample and balance tubes were sealed permanently by melting the 
plastic top with a 'Heat Sealer'. 
6. 	 The samples were centrifuged in an ultracentrifuge tube (55,000 r.p.m., 
18h,18°C). 
7. 	 The DNA band was visualised with low-intensity, short-wave UV 
illumination and extracted from the sample tube using a hypodermic 
syringe, inserted 1 em below the band (bevelled edge uppermost). 
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8. 	 Ethidiwn bromide was extracted from the DNA sample using a 1:1 ratio of 
isopropanol:sample, followed by centrifugation (14,000 r.p.m., 2 min); the 
top band was removed and the process repeated four times, or until the two 
phases were cleared of red colour. 
9. 	 CaesilUll chloride contamination was removed from the DNA phase by 
overnight dialysis in TE buffer (2 L). 
10. The DNA phase was precipitated using twice the volume of ethanol 
(99.5 %, -20°C, 2 h). 
11. The sample was centrifuged (14,000 r.p.m., 10 min) and the ethanol 
supernatant removed carefully with a pipette and tissues. 
12. The pellet was air-dried and re-suspended in 250 J..ll of TE buffer. The 
purified plasmid DNA was stored at -20°C until required for transfection. 
The concentration of DNA in the sample was determined 
spectrophotometrically by measuring the absorbance of the sample at 260 nm 
against a TE buffer blank. 
3.3.2.8 Confirmation of Successful Cloning 
The success of the cloning strategy and isolation of plasmid DNA was 
determined by performing a digestion of the purified plasmid DNA. The NotI 
restriction enzyme was used because there were NotI restriction sites on either 
side of the luc insert. Therefore, when the plasmid DNA was digested with 
.. 
this enzyme it would in theory yield two fragments: one corresponding to the 
luc fragment, the other corresponding to the pCI vector DNA. 
The following ingredients were placed together in a microcentrifuge 
tube (37°C, 2 h): 
1 J..ll plasmid DNA 
1 III NotI restriction enzyme 
1.5 III One-Phor-All buffer (for all restriction enzymes) 
11.5 J..ll water 
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The digested fragments were run on an agarose gel (as described in section 
3.3.2.3) against standard molecular weight markers. 
3.3.3 Transformation of Eukaryotic Cells 
3.3.3.1 Growth, Maintenance and Harvesting of Cells 
Bluegill sunfish fibroblasts (BF-2) were grown, maintained and 
harvested as described in section 3.2.2. COS-7 cells, derived from African 
green monkey kidney and originally obtained from A TCC (American Type 
Culture Collection), were grown as mono layers in rectangular culture flasks in 
a CO2 incubator (37°C, 5 % CO2), Growth was supported by the provision of 
DMEM (Dulbecco's Modified Eagle Medium; Gibco Ltd., Paisley, U.K.) 
containing foetal bovine serum (10 %) and antibiotics (penicillin, 100 
units/ml; streptomycin, 100 mg/ml); splitting, using a 1:4 ratio, was 
undertaken when the cell layer became confluent. Cells were harvested by
ee 
trypsinisation of the cell layer from the bottom of the flask and subsequently 
diluted in DMEM media. 
3.3.3.2 Plasmid Constructs 
Five plasmid constructs were used to transform BF -2 and COS-7 cells: 
pcDNA-3-gfp (Appendix IlIa), pcDNA NEO pom l21 ell (Appendix HId), 
.. pcDNA NEO pom12l ClI + gfp (Appendix HIc), pcDNA NEO (Appendix 
IUb) and pCI-luc. The luc pcDNA construct was cloned as described in secti~n 
3.3.2, whereas the first four constructs had already been prepared at the 
University of Stockholm and did not require further cloning or modification. 
The porn constructs were chosen because it is possible to detect nuclear pore 
complex proteins (porn) by antibody staining techniques almost immediately 
following the transformation and recovery of the cells, allowing easy 
assessment of this procedure (Soderqvist et aI., 1996; Soderqvist & Hallberg, 
1994), whereas detection of luminescence from gfp- or luc-transformed cells 
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may be more difficult since it may take some time for these proteins to be 
expressed at a sufficiently high level for detection. 
3.3.3.3 Calcium-Mediated Transfection of BF-2 Cells 
All procedures were performed using sterile equipment and techniques. 
BF-2 cells were grown and harvested as described and subsequently re­
suspended in GMEM. Glass cover slips (approx. 10 mm dia.) were arranged 
on the bottom of a petri-dish (50 mm dia.); the cell suspension (5 ml) was 
pipetted into each petri-dish and cells were then left to grow until confluent 
(25 cC, 24 h). A variety of plasmid constructs were used for the transfections 
(Table 3.2) and appropriate amounts of these were added to give different 
amounts of plasmid DNA in each petri-dish (either 5, 10 or 20 Ilg), together 
with calcium chloride (50 J.lI; 2.5 M) and BES (N,N-bis(2-hydroxyethyl)-2­
aminoethanesulfonic acid)-buffered saline 1 (250 f.!l). The volume was made 
up to a total of 500 III with double distilled water. 
The constituents were mixed together in microcentrifuge tubes and 
pi petted onto the media in each petri-dish. The dishes were left at room 
temperature (15 min) in order to allow the formation of a calcium-DNA 
precipitate, after which they were left (48 h, ~25 CC) to allow uptake of the 
DNA precipitate and the subsequent recovery of the cells. Cover slips were 
• sampled on successive days following recovery and prepared for viewing on 
slides in one of two ways depending on whether they were to be viewed 
directly under a fluorescence microscope (see section 3.3.3.6) or labelled with 
fluorescent antibodies (see section 3.3.3.7). In the case of the pCI-luc­
transformed cells, cover slips were sampled and the cells subsequently assayed 
for luciferase activity (see section 3.3.4). 
I BES-buffered saline contains: 1.07 g BES, 1.6 g NaCI, 0.027 g N~HP04 in 100 ml de­
ionised water; pH 7.0. 
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Construct [DNA] Assessment of Transfection 
(mg/ml) (using fluorescently-Iabelled 
antibodies or direct viewing) 
pcDNA NEO poml21 CII 2.20 	 FITC antibodies (green; label 

porn Ab) and TRITC antibodies 

(red; label pom Ab) 

pcDNA NEO pom l2l CII + 0.97 TRITC antibodies (red; label 
gfp 1.13 porn Ab) and direct viewing 
pcDNA-3-gfp 2.70 CY3 antibodies (red; label GFP 
4.30 	 Ab) and direct viewing 
pCI-Iuc 	 0.70 luciferase assay using whole 

cells 

Table 3.2: Plasmid constructs used for the calcium phosphate-mediated transfection of BF-2 
cells and methods used to view the results of the transfection. 
3.3.3.4 	 Lipid-Mediated DNA Transfer (Lipofection) in BF-2 and COS-7 
Cells 
All procedures were performed using sterile equipment and techniques. 
BF-2 and COS-7 cells were harvested at confluency by trypsinisation and the 
.. 	 cell portion diluted in fresh GMEM or DMEM respectively (50 ml). Petri­
dishes (50 mm dia.) containing cover slips (approx. 10 mm dia.; Note: no 
cover slips were used for lipofections involving pCI-Iuc) were seeded with the 
cell-media mixture and the cell layer allowed to grow to approximately 50 % 
confluency (too high a confluency inhibited the entry of the DNA-lipid 
complex into the cells). 
The following stepwise procedure was followed, using a variety of 
plasmid constructs (Table 3.3): 
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1. 	 Lipofectamine™ (10 ~l; Gibco Ltd., Paisley, U.K.) was added to media 
(100 Ill; without foetal calf seruml (FCS) and antibiotics) in a 
micro centrifuge tube. 
2. 	 DNA (2 Ilg) was added to media (100 Ill; without FCS and antibiotics) in a 
second microcentrifuge tube. 
3. 	 The contents of the tubes in 1 and 2 were mixed and incubated at room 
temperature (30 min) to allow formation of a lipid-DNA complex. 
4. 	 Media (0.8 ml; without FCS and antibiotics) was added to the mixture in 3. 
5. 	 The cell layer in the petri-dish was washed twice with media (without FCS 
and antibiotics). 
6. 	 The solution in 4 was pipetted onto the cell layer and petri-dishes were 
incubated with the lipofection mixture (5 h; 25°C for BF-2; 37 °e, 
5 % CO2 for COS-7). 
7. 	 Following this incubation period, media (2 ml; without FCS and 
antibiotics) and FCS (400 I.d) were added to each petri-dish and the cells 
incubated further (17 h). 
Cell Construct [DNA] Assessment of Transfection 

Line (mg/ml) (using fluorescently-Iabelled 

antibodies or direct viewing) 
COS-7 pcDNANEO 1.13 TRITC antibodies (red; label 
BF-2 poml21 Cll + gfp porn Ab) and direct viewing 
eOS-7 pcDNANEO 2.25 TRITC antibodies (red; label 
pomAb) 

COS-7 pcDNA-3-gjp 4.30 CY3 antibodies (red; label 

BF-2 GFP Ab) and direct viewing 

BF-2 pCI-luc 0.70 luciferase assay with whole 

cells 
Table 3.3: Plasmid constructs used for the lipofection ofBF-2 and COS-7 cells; and methods 
used to view the results of the lipofection. 
I Serum is known to inhibit the lipofection procedure. 
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8. 	 Media was removed from the dishes and replaced with fresh media 
(including FCS and antibiotics at the usual concentrations). 
9. 	 Cover slips were then sampled and prepared for direct vIewmg (see 
3.3.3.6) or were labelled with antibodies (Table 3.3) before being mounted 
on slides (see 3.3.3.7). In the case of the pel-Iuc transformed cells, these 
were harvested by trypsinisation from the petri-dish and subsequently used 
in a luciferase assay as described in 3.3.4. 
3.3.3.5 Electroporation of BF-2 Cells 
Cells were grown and harvested as described above and re-suspended 
in PBS (5 ml). The suspension was centrifuged (1000 r.p.m., 10 min) and 
pellets re-suspended in PBS (250 III per pellet). The cell suspensions were 
pooled so as to give two 750 III aliquots. Plasmid DNA (pcDNA-3-gfp, 5 Ill) 
was added to each aliquot and these were left on ice for 10 min. The 
electroporation procedure was based on that described by Sekkali et al. (1994), 
who used this method of transformation with EPC cells. BF-2 cells were 
exposed to a single pulse of250 V and either 1000 IlF or 1500 IlF in an 800 III 
e1ectroporation cuvette and were left to stand on ice for a further 10 min 
following the procedure. The cells were then re-suspended in GMEM (20 ml) 
and pipetted into petri-dishes (50 mm dia., 6 ml per dish) containing glass 
cover slips (approx. 10 mm dia.). The petri-dishes were incubated (25°C, 
... ~ 24 h) and subsequently cover slips were sampled and viewed directly under 
a microscope following mounting on slides (see 3.3.3.6). 
3.3.3.6 Preparation of Slides for Direct Viewing 
Cover slips were sampled and placed, cell layer face-up, into individual 
wells of a micro-titre plate containing PBS (0.5 ml per well) and washed twice 
with PBS to remove residual media. The cells were fixed using a solution of 
formaldehyde (4 % in PBS, 0.5 ml per well) and the micro-titre plate left on 
ice (20 min). The fixing solution was then replaced with permeabilising 
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solution (0.5 % Triton X-IOO in PBS, 0.5 ml per well) and the plate left to 
stand on ice (5 min). The cover slips were again washed with PBS (3 times) 
and removed carefully from the wells. Mounting medium was pipetted onto a 
microscope slide (l drop per cover slip to be mounted) and the cover slip 
carefully placed, cell layer face-down, onto this medium. Excess mounting 
medium was removed from around the edges of the cover slip using a thin­
tipped Pasteur pipette. The edge of the cover slip was then sealed using clear 
nail polish and left to dry for at least 20 min. Slides were viewed under oil 
using a fluorescence microscope (x40 magnification), with a blue filter - GFP 
fluoresces at approximately 500 nm. 
3.3.3.7 Preparation of Slides for Antibody Labelling 
Cover slips were sampled, fixed and permeabilised as described in 
3.3.3.6. After the PBS wash (3 times), blocking solution (pBS containing 
5 % dry milk powder, 0.1 % Tween 20) was added to each well. The plate 
was left to stand at room temperature for at least 60 min. Meanwhile, a piece 
of parafilm was placed on a moistened bench surface and labelled with 
numbers corresponding to the number of samples to be antibody-labelled 
(Fig. 3.6). A drop (25 Jll) of the first antibody (diluted in block solution; 
Table 3.4) was placed by each number. 
Cover slips were carefully removed from the wells and placed, cells 
face-down, onto the drops of the first antibody solution. The parafilm was 
covered with a plastic lid to prevent desiccation and left for 1 h. A second 
piece of parafilm was prepared in the same way as described above and a drop 
of block solution placed onto the parafilm next to each number. Cover slips 
were transferred from the first piece of parafilm to the second (with cells 
remaining uppermost during the wash procedure) and were washed three times 
with block solution. The procedure entailed pipetting block solution (approx. 
250 Ill) onto the surface of the cover slips and then removing it after 2 minutes 
with a thin-tipped Pasteur pipette. Drops (25 Ill) of the second antibody 
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solution (0.5 % Triton X-100 in PBS, 0.5 ml per well) and the plate left to 
stand on ice (5 min). The cover slips were again washed with PBS (3 times) 
and removed carefully from the wells. Mounting medium was pipetted onto a 
microscope slide (1 drop per cover slip to be mounted) and the cover slip 
carefully placed, cell layer face-down, onto this medium. Excess mounting 
medium was removed from around the edges of the cover slip using a thin­
tipped Pasteur pipette. The edge of the cover slip was then sealed using clear 
nail polish and left to dry for at least 20 min. Slides were viewed under oil 
using a fluorescence microscope (x40 magnification), with a blue filter - GFP 
fluoresces at approximately 500 nm. 
3.3.3.7 Preparation of Slides for Antibody Labelling 
Cover slips were sampled, fixed and permeabilised as described in 
3.3.3.6. After the PBS wash (3 times), blocking solution (PBS containing 
5 % dry milk powder, 0.1 % Tween 20) was added to each well. The plate 
was left to stand at room temperature for at least 60 min. Meanwhile, a piece 
of parafilm was placed on a moistened bench surface and labelled with 
numbers corresponding to the number of samples to be antibody-labelled 
(Fig. 3.6). A drop (25 ~l) of the first antibody (diluted in block solution; 
Table 3.4) was placed by each number. 
Cover slips were carefully removed from the wells and placed, cells 
face-down, onto the drops of the first antibody solution. The parafilm was 
covered with a plastic lid to prevent desiccation and left for 1 h. A second 
piece of parafilm was prepared in the same way as described above and a drop 
of block solution placed onto the parafilm next to each number. Cover slips 
were transferred from the first piece of parafilm to the second (with cells 
remaining uppermost during the wash procedure) and were washed three times 
with block solution. The procedure entailed pipetting block solution (approx. 
250 ~l) onto the surface of the cover slips and then removing it after 2 minutes 
with a thin-tipped Pasteur pipette. Drops (25 ~l) of the second antibody 
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• 
• 
• 
(diluted in block solution; Table 3.4) were placed on the original parafilm (in 
the original positions as previously shown), the cover slips transferred (with 
cells face-down) onto these and again left for 1 h . 
5 
2 6 
3 7 
•8.~. 
Figure 3.6: Diagram to illustrate the placement of cover slips and solutions used for antibody 
labelling (not to scale). Shaded circles represent positioning of cover slip on antibody 
solution. 
Construct 1 st Antibody 2nd Antibody 
pcDNA NEO poml2l Cll rabbit aP9107 (1 %; anti-rabbit FITC 
labels poml21 ) (1 %; green) 
mouse Mab414 (10 %; anti -mouse TRlTC 
.. 
labels 3 proteins in the (l %; red) 
endogenous nuclear pore 
complex) 
pcDNA NEO pornl2l CII rabbit aP91 07 (0.5 %; anti-rabbit TRlTC 
+gfp labels pom121 ) (0.5 %; red) 
pcDNA NEO (control) rabbit aP91 07 (0.5 %; anti-rabbit TRlTC 
labels poml21 ) (0.5 %; red) 
pcDNA-3-gfp mouse GFP (1 %; labels anti-mouse CY3 
GFP protein) (0.05 %; red) 
Table 3.4: Antibody labelling regime used for each construct. 
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The cover slips were washed once as described above in block solution 
(without milk powder) and then transferred onto drops (25 Ill) of block 
solution (without milk powder) containing Hoechst 33258, a DNA stain, for 
10 min. The cover slips were washed twice more with block solution (without 
milk powder) and then mounted as described in 3.3.3.6. Slides were viewed 
under oil using a fluorescence microscope (x40 magnification) with a green 
(TRITC- or CY3-labelled) or blue (FITC-Iabelled) filter. 
3.3.4 Luciferase Assay Using BF-2 Cells 
Cells were removed from the petri-dishes by trypsinisation (500 Ill) 
and the cell portion was diluted with PBS (500 Ill). The cell suspension was 
centrifuged (1000 r.p.m.; 10 min) and the pellet re-suspended in PBS (100 Ill). 
The cell suspension was placed in a cuvette (5 ml) to which luciferin substrate 
(20 Jll; 10 mM stock) was added. Luminescence was measured in a 
luminometer (in-house construction; reading at 562 nm) as quanta produced 
per second. 
3.3.5 Toxicity of 4-Chlorophenol to Transformed BF-2 Cells 
All procedures were performed using sterile equipment and techniques. 
BF-2 cells were harvested at confluency by trypsinisation and the cell portion 
• diluted in fresh GMEM (50 ml). Petri-dishes (50 nun dia.) were seeded with 
the cell-media mixture and the cell layer allowed to grow to approximately 
50 % confluency. Cells were transformed with pCI-luc plasmid DNA by 
lipofection, using the protocol described in 3.1.3 and subsequently allowed to 
grow to confluency. 
Confluent cell layers were washed twice with PBS to remove residual 
media and then exposed to increasing concentrations of 4-chlorophenol (0, 5, 
50 and 500 mg/L). The toxicant stock (10 giL) was diluted with PBS (4 ml) to 
give the appropriate concentrations and pipetted onto the intact cell layers; the 
cells were incubated at room temperature for 5 or 30 minutes. Following the 
incubation period, cell layers were again washed twice with PBS, before being 
harvested and assayed for luciferase activity as described in 3.3.4. The toxicity 
of each concentration of 4-chlorophenol was determined in duplicate . 
.. 
I
, 
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4 	 Selenastrum capricornutum Biosensors For Toxicity 
Assessment 
4.1 	 Generation of a Biosensor Response Using Selenastrum 
capricornutum 
4.1.1 	 Introduction 
The eukaryotic green alga S. capricornutum was chosen for study in 
the first stages of the research as a model system, because algal cells are robust 
compared to some other eukaryotic cell types maintained in culture, and 
therefore are easy to maintain and manipulate. The experimental approach 
used was based on methods employed by the Sensor and Cryobiology 
Research Group (SCRG) based at the University of Luton, with respect to 
bacterial cell-based biosensors, which had been shown to be suitable for 
monitoring cellular metabolism (Rawson et al., 1987; Richardson et ai., 1991). 
Additionally, the bacterial electrodes had shown a good sensitivity to toxicants 
compared to that found using standard ecotoxicological test methods 
(Rogerson, 1997) and were therefore to be commercialised as a novel rapid 
test system. The potential for commercialisation of algal electrodes was also 
identified and therefore investigations were undertaken with this possibility in 
mind. 
4.1.2 	 Initial Investigations with Selenastrum capricornutum as a 
Biosensor Biocatalyst 
The pattern of response anticipated from algal biosensors is illustrated 
in Figure 4.1, with a mediated response expected to occur only during periods 
of illumination. A negligible background response from the biosensor 
electrodes was anticipated on commencement of monitoring and prior to any 
additions. On addition of an appropriate, lipophilic mediator (ferricyanide was 
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not expected to mediate any appreciable current from the algae, being a 
lipophobic mediator) and in the absence of illumination, the backgr01.Uld 
current was expected to rise slightly due to respiratory activity occurring 
within the cells during periods of darkness. On provision of illumination, the 
current would then rise to a maximum and level off, subsequently dropping to 
the background level on removal of the light stimulus. This would produce a 
square wave-type of response, which has been observed with cyanobacterial 
biosensors (Rawson et al., 1987). The current produced during illumination 
(h') would therefore be composed mainly of the photosynthetic response, but 
also in part by the respiratory, 'dark' response (h). 
1.5 
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h'mediator0.5 
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Figure 4.1: Illustration of the expected response from S. capricornutum biosensors 
following mediator addition (300 s) and illumination. Periods of illumination denoted by 
downward pointing open arrows (light on); closed arrows denote light off . 
.. 
This expected pattern of response was well-illustrated by an early 
experimental run using triplicate S. oapricornutum biosensors, bathed in 
BG-l1 media (Fig. 4.2). Tb.e electrodes had been allowed to stand in the 
stirred media for 10 minutes prior to the start of monitoring and the current 
was still stabilising when the interface was switched on (0-100 s). An addition 
of FeCN mediator was made at approximately 100 s, but did not result in any 
appreciable response either in darkness Ot, following illumination, as was 
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expected due to its inability to enter the cell and access the metabolic reactions 
occurring within membrane-bound organelles. Subsequent addition of BQ 
mediator during darkness resulted in a small current increase, as predicted, 
probably due to a combination of some reduced species in the mediator stock 
added and algal respiratory activity. The peaks of current observed at the start 
of the experiment, at approximately 150-300 s, were most probably 
attributable to spurious background noise as a result of some physical 
disturbance of the vials or electrodes. 
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Figure 4.2: Triplicate biosensor responses obtained using S. capricornutum exposed to 
ferricyanide and p-benzoquinone mediators and periodic illumination. 
FeCN addition at 50 s (5 mM; denoted by first upward arrow); p-BQ addition at 1700 s 
(0.5 mM; denoted by second upward arrow). Periods of illumination denoted by downward 
pointing arrows: open arrow denotes light on; closed arrow denotes light off. 
... 
During the flrst illumination period following BQ input, only a slight 
increase in current was observed, however with each subsequent illumination, 
current peaks were observed corresponditlg to the length of the illumination 
period and therefore the periods of photosynthetic activity of the algae. Each 
successive peak was larger than the previous, although the background 'dark' 
current was also rising throughout the Ill.6nitoring period, possibly due to 
increasing respiratory activity of the algae, or to increasing penetration of the 
cell by the mediator. All three electrodes behaved wi.th a similar pattern of 
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response although one of the replicates gave a considerably higher current than 
the other two, probably due to unequal densities of cells being immobilised on 
each sensor. 
In summary, three observations were made: 
• 	 the lipophobic mediator FeeN was not suitable for monitoring the 
membrane-bound organelles incorporating photosynthetic electron 
transport (PET) chain activity; whereas the lipophilic mediator BQ 
could access these reactions within the algal cells and hence mediate a 
response from the Selenastrum biosensors 
• 	 the mediated response rose during successive illuminations to reach a 
maximum, indicating that some time was required for the mediator to 
attain an equilibrium concentration within the cell, compared to the 
outer medium. This could also explain the rising background 
respiratory response 
• 	 the pattern of responses obtained from triplicate biosensors were 
similar, although there were quantitative differences, suggesting 
difficulties associated with the production ofbiosensors loaded with a 
similar density of cells. 
This last point was exemplified by subsequent results, which showed 
.. the variation between replicate treatments to be quite considerable in some 
cases. For toxicity studies, the currents were all normalised at the point of 
toxicant addition to achieve t.he same starting point (details in section 3.1.2.3) 
and therefore differences between the absolute currents of replicates were 
removed. Additionally in these studies, the percentage decreases in responses 
oftest vials compared to control vials were used, and not absolute currents. So, 
although the large variation between replicate biosensors was a concern, it was 
not a hindrance since significant toxicity data could still be generated from 
these algal sensors (section 4.5). 
0.5 
Since it had taken a little time for the mediated response to reach a 
maximum, the pre-exposure of biosensors to mediator prior to monitoring was 
considered. A maximum pre-exposure time of 30 minutes was used, since it 
was desirable to keep the overall bioassay time as short as possible. 
Additionally, static algal tests, using Chlorella, have shown growth inhibition 
at concentrations as low as 0.05 mM BQ after 72 h (Pandard et ai., 1993). 
Pandard et al. also found the lifespan of algal biosensors to be limited « 24 h) 
due to BQ toxicity, even when allowing for periods of recovery with no 
mediator presence. Therefore short exposures and low BQ concentrations 
would be required in order to minimise this toxic effect. 
All sensors appeared to produce a similar background current prior to 
any illumination and the maximum responses produced by all treatments were 
comparable (Fig. 4.3). However, although the variation between replicates 
(± S.E.) increased with increasing pre-exposure, those electrodes exposed for 
30 minutes produced an instantaneous, sizeable response, which remained 
steady during the monitoring period, whereas responses from electrodes with 
no pre-exposure took a little time (approx. 1800 s) to reach a plateau. 
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2.0 
o.o~'-_--'-_--1-_--'-_--"-_-'-_...L-_~_ _'___ _"__ 
x­
___-'--""---"'-­
o 	 600 1200 1800 2400 3000 3600 
Time Is 
Figure 4.3: S. capricfJrnutum biosensor responses following pre-exposure to p-benzo­
quinone mediator (1 mM).Duration ofpre -exposure Imin: (x) 0; (a) 10; (+) 30. Illumination 
initiated at 600 s; Number ofreplireatos perm_~ellt, n'" 3.F01I' clarity, the 10 and 30 
minute pre-exposure data sets wereoff&et from WO by 60 and 120 s respectively. 
Sensors pre-exposed to mediator for 10 minutes produced an initial 
current similar to that of the 30 minute incubation, and although the current 
dropped a little, it then remained steady for the remainder of the interrogation 
period. In order to keep the overall preparation time as short as possible, a 
10 minute pre-exposure period was deemed sufficient for future toxicity 
studies, since it gave rise to a response of satisfactory magnitude that remained 
relatively steady over the course of the monitoring period. 
4.2 Optimisation ofSelenastrum capricornutum Biosensors 
4.2.1 Effect of Culture Age on Biosensor Response 
The growth curves of Selenastrum capricornutum cultures, monitored 
by measuring the absorbance at 663 nm, exhibit the classic phases ofmicrobial 
growth in batch culture, with distinct lag, exponential and stationary phases. 
Since growth and division of the cells occurs at a maximum rate during the 
exponential phase, it would perhaps be expected that culture harvested during 
this period would give optimal biosensor responses as a result of optimal 
metabolic activity. In addition, the population is usually the most uniform in 
terms of its chemical and physical properties during the exponential phase and 
is therefore preferable for use in biochemical and physiological studies while 
.. in this state. 
The variation in biosensor currents observed between replicates was 
probably due to the difficulties associated with achieving batch uniformity, 
i. e. the differences in loading density for each replicate biosensor constructed 
(as identified during initial investigations in section 4.1.2), and this made it 
difficult to determine any significant dependence between culture age and 
response. However, cultures between 216-264 h old (mid-exponential phase) 
resulted in a cluster of responses that appeared more favourable than those 
obtained from cultures of most other ages tested. 
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Figure 4.4: Biosensor response as a function of the age of the cells harvested from a culture 
ofS. capricornutum. (x) OD663 ; (~) maximum biosensor response achieved following addition 
of mediator. Mediator (BQ, 0.5 mM) added 10 min prior to monitoring for each biosensor 
investigation; number of replicates per measurement, n:: 4. 
Subsequent statistical analyses showed that the responses obtained 
from cultures isolated during the exponential phase of growth, aged between 
216-264 h, were significantly different from those obtained from biosensors 
made using 336-384 h old or 528-576 h old cultures (95 % confidence; 
Appendix IVa). Since it was necessary to standardise some sort of protocol, it 
was concluded that culture harvested from mid-exponential phase, with an 
OD663 of 1.0-1.3, would be harvested for use in S. capricornutum biosensors 
(section 4.6), both because microbial cultures of this age have been used in 
many other studies and as this age range was shown to result in favourable 
currents in the present study. 
4.2.2 Bathing Media 
The bathing media chosen for Selenastrum capricornufum biosensors 
in the first instance was BO-l1 growth media, which contains the nutrients 
required for growth and maintenance of algae and has also been used in other 
studies investigating redox-mediated algal biosensors (e.g. Martens & Hall, 
1994; Pandard et ai., 1993). The standard DECD algal growth test media has a 
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slightly different composition to BG-l1 (EPA, 1978), but use of altemative 
media is not precluded by OECD guidelines, provided that the essential 
constituents are kept within certain limits (GECD, 1984), these criteria being 
satisfied by BG-l1. Many biosensor studies additionally buffered their 
biosensor bathing media (e.g. Preuss & Hall, 1995; Mazzei et al., 1995; 
Tanaka et al., 1994; Nishikawa et al., 1982; Mascini & Rechnitz, 1980) and 
for this reason buffered media was investigated in this work. The addition of a 
toxic substance to the bathing media would influence the composition of this 
media and the use of buffers may mask any pH effects occurring within the 
system. However, many cell-based cytotoxicity assays have utilised buffered 
media (e.g. Heitzer et at., 1994) and the Microtox™ test system also uses a 
bathing solution with pH adjusted between 6.8 - 7.5, so that the organism is 
not unduly stressed by pH changes. 
Fr:om the many available buffers, two were chosen: phosphate and 
HEPES. Phosphate has been used widely in many biosensor systems 
(e.g. Besombes et at., 1995; LaRosa et al., 1995; Riedel et al., 1995; 
Tan et at., 1994; Deng & Wang, 19941; whereas use of HEPES has been less 
widespread with biosensors (e.g. Campanella et al., 1995; Nikolelis & Krull, 
1994). A specific pH of 7.4 was chosen for the buffers, since this is the pH of 
BO-l1 media, although the media recommended for the standard algal growth 
test has a slightly higher pH of 8. Buffering biosensors with HEPES was 
... 	 reported to enhance the photosynthetic currents produced by cyanobacterial 
biosensors (loan Ardelean, personal communication) and therefore it was also 
investigated with S. capricornutum biosensors. 
The initial sensor responses obtained from electrodes in HEPES- and 
phosphate-buffered BO-II, following mediator addition (150 s), were similar 
(Fig. 4.5), although after approxirnately 900 s the phosphate-buffered 
responses levelled off at just over 1 ~A, whereas t.he HEPES-buffered 
responses continued to rise. These HEPES-buffered electrodes reached a 
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maximum mean response of approximately 1.5 J.lA after some 2100 s and then 
declined gradually from this point until the end of the monitoring period. 
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Figure 4.5: Response of S. capricornutum biosensors in buffered media (BG-II). Buffer 
type: (x) Phosphate (10 mM; pH 7.4); (A) HEPES (10 mM; pH 7.4). Mediator (BQ, 0.5 mM) 
added at time = 150 s; n =6. 
The slow rise to maximum, followed by an immediate decline, 
although slight, made this response less than ideal for toxicity assessments, 
since it exhibited little stability during the monitoring period. Stable control 
treatment responses for the duration of monitoring would be preferable in 
toxicity tests, since they would allow for more accurate comparisons to be 
made with toxicant-exposed electrodes eliciting current decreases on addition 
.. 
of the toxic agent. Phosphate-buffered sensors produced such stable currents, 
after the initial rise, remaining around the 1 J.1A figure for the remainder of the 
experiment, although still showing the same slight decline from 2100 s 
onwards, as observed with the HEPES-buffered sensors. 
However, the greater overall stability of the phosphate-buffered sensor 
responses made them more suitable for toxicity investigations and therefore 
phosphate was chosen as the buffering system for further work. The slight 
delay in time required for phosphate-buffered responses to become stable 
3600 
(approximately 750 s) could in part be overcome by some pre-exposure to 
mediator prior to monitoring (e.g. 10 min), which should not unduly 
compromise the rapidity of the test. Further optimisation of the phosphate 
buffer concentration was investigated in order to discover whether this would 
improve the time taken to reach the maximum current. 
Phosphate buffer concentration was varied, keeping the overall ionic 
strength constant with the addition of potassium chloride (Kel) electrolyte, 
which has been used as the electrolyte in many other biosensor studies 
(e.g. Preuss & Hall, 1995; Danzer & Schwedt, 1996; Merz et al., 1996). 
Biosensors responded similarly to all buffer concentrations tested and the 
responses obtained using no buffer (0 mM) were favourable in tenns of 
stability (Fig. 4.6). The highest buffer concentrations led to a decrease in 
response that was more severe than that observed with the other concentrations 
and 12 mM phosphate buffer produced a relatively slow rise in initial 
response. All the responses were fairly similar in terms of their stability over 
time, although a 25 mM buffer concentration was chosen for further 
experiments since it declined by only ~10 % over 40 minutes. 
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Figure 4.6: Response of S. capricornutum biosensors in constant ionic strength (131 mM) 
BO-l1 media, buffered with varyingconoentratioos of phosphate. (Phosphate] fmM: (x) 0, 
(a) 12, (.) 25, (+) 37, (D) 50. Mediator (BQ, 0.5 mM)added at 600 s; n "" 2. 
95 
6000 
I 
Increasing the ionic strength of the bathing media (by varying the KCI 
concentration) influenced the biosensor responses more dramatically than 
changing the buffer concentration, with the data indicating that high ionic 
strength bathing media (;::: 200 mM) were somewhat toxic to the algal cells and 
led to responses that declined rapidly to 20-30 % of their maximum value 
(Fig. 4.7). 
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Figure 4.7: Response of S. capricornutum biosensors in phosphate (25 mM)-buffered 
BG-ll media of varying ionic strength, altered by addition of KCl. Additional ionic 
strength/mM: (x) 65.5, (Ll) 100, (+) l31, (+) 196.5, (0)262. Mediator (BQ, 0.5 mM) added 
at 600 s; n =2 . 
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A decline in sensor response was also observed with the lowest 
additional ionic strength, although it :was less marked (-65 % of the 
maximum). The results suggested that increasing the ionic strength of the 
bathing media by either 100 or 131 roM, through the addition of a combination 
of phosphate buffer (25 roM) and KCI stock solution (65.5 mM). resulted in 
the most suitable biosensor responses and the latter (131 roM) was selected for 
use in subsequent investigations involving S. capricornutwn biosensors. 
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4.2.3 Redox Mediators 
The quinone mediators, p-benzoquinone (BQ) and 2,6-dimethyl­
benzoquinone (DMBQ), had been previously used for electrochemical 
interrogation of green algae (Pandard, et al., 1993; Gaisford et al., 1991) and 
were therefore investigated with Selenastrum capricornutum biosensors. The 
responses obtained using DMBQ were rather variable, with the highest 
currents being obtained with 1.5-2.0 mM DMBQ, although the response using 
2 mM mediator was not sustained over any length of time (Fig.4.8a). 
Biosensors exposed to 0.2-0.5 mM DMBQ yielded a final mean current of 
approximately 0.1 IlA, whilst those exposed to 1.0 mM DMBQ recovered to 
give a steady current of around 0.3 IlA. 
The biosensors were bathed in media containing mediator for 
5 minutes prior to any illumination, which allowed the mediator to partition 
into the cells and therefore the first illumination produced a respectable 
current. In two of the treatments (0.5 and 1.0 mM), this initial response was 
followed by a decrease in current which recovered gradually during successive 
illuminations. This gradual recovery of response, especially in the case of the 
sensors exposed to I mM, could be explained by the increase of mediator 
concentration within the cells over time, as it equilibrated with that in the 
surrounding media. 
Similarly, the higher concentrations (1.5-2 mM) produced responses 
that increased over the remainder of the monitoring period, presumably as the 
mediator concentration within the cells rose further before reaching 
equilibrium. The highest DMBQ concentration (2.0 mM) gave a maximum 
sensor response of 0.5-0.6 J.1A approximately 2400 s after the addition of 
mediator (Fig. 4.8a), although after peaking at this value the current dropped 
steadily, probably due to the toxic effects of the quinone mediator within the 
cells (Fig. 4.8b). BothJ.O and 1.5 mM DMBQ l<td t(} acceptable responses that 
were relatively stahle with the latter giving a higher current, however some 
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time was required (approx. 40 min) for these responses to reach a plateau 
(Fig. 4.8). 
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Figure 4.8: Response of S. capricornutum biosensors to varying concentrations of
.. 
2,6-dimethylbenzoquinone. a) calculated peak heights showing actual currents obtained; 
b) current nonnalised with respect to the maximum response obtained in each case. 
[DMBQ] fmM: (x) 0.2, (A) 0.5, (.) l.0, (+) 1.5, (0) 2.0 (added in dark, 300 s prior to first 
illumination). Sensors bathed in phosphate-buffered BG-l1 (25 mM; pH 7.4) with increased 
ionic strength (131 mM); n"" 2.. 
The currents obtained using DMBQ were lower than those using BQ 
(Fig. 4.9a); for example 1 mM D:MBQ resulted ina maximum current of 
approximately 0.25 IlA, whereas 1 mM BQ gave rise to approximately 4 IlA. 
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Figure 4.9: Response of S. capricornutum biosensors to varying concentrations of 
p-benzoquinone. a) Calculated peak heights showing actual currents obtained; b) Current 
nonnalised with respect to the maximum response obtained in each case. [BQ] froM: (x) 0.5, 
(A) 0.75, (+) 1.0, (+) 1.5, (D) 2.0 (added in dark, 300 s prior to first illumination). Sensors 
4 
 bathed in phosphate-buffered BG-l1 (25 mM; pH 7.4) with increased ionic strength 
(131 roM); n =2. 
The fact that BQ gave a higher current than DMBQ when used at the 
same mediator concentration was also noted by Pandard (1992). Additionally, 
the responses from BQ were generally more stable than those from DMBQ 
(Fig. 4.9b), although the two highest concentrations of BQ tested (1.5 and 
2.0 mM) resulted in currents that declined steadily after reaching a maximum 
(approx.3 and 3.25 J.lA respectively, Fig. 4.9a). 
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Exposure of S. capricornutum biosensors to higher concentrations of 
quinone mediators resulted in toxicity, exemplified by a decrease in current. 
These compounds are known to be cytotoxic at high concentrations (Pandard 
et al., 1993) and therefore the use of relatively low concentrations of mediator 
is recommended, so as to cause minimal perturbation and toxicity within the 
cells whilst still resulting in measurable and stable current responses. Both 
0.75 and 0.5 mM BQ appeared to be suitable for further studies, although the 
lower of the two concentrations was chosen in order to minimise the stress on 
the cells. A 0.5 mM BQ concentration produced a low response compared to 
that of the other concentrations tested, however, the resulting current was 
stable and showed little decline throughout the monitoring period (Fig. 4.9a). 
4.3 	 Continuous Monitoring of Selenastrum capricornutum 

Biosensor Responses 

Previous biosensor investigations by the Sensor Group that 
incorporated photosynthetic material, were run using pulsed illumination as it 
was thought that in order to obtain an optimal signal and extended sensor life, 
the cells required periods of darkness in which to recover. Good responses 
were obtained using periodical illumination, as demonstrated in previous 
sections, although data handling was more complex, since a mean current 
.. response had to be calculated for each period of illumination (the 'calculated 
peak height', calculation of which is described in section 3.1.2.3). Microbial 
sensors had been monitored successfully with constant stimulation (from 
added substrates in the bathing media), giving stable responses for the duration 
of the monitoring period. Responses of S. capricornutum biosensors were 
therefore investigated whilst under continuous stimulation, i. e. illumination. 
On addition of mediator (in darkness), a current peak was observed 
(Fig. 4.10), which declined to a background level of response probably 
corresponding to cellular respiratory activity, as previously observed 
wo 

.. 
(section 4.1). The current increased substantially on initiation of illumination 
(600 s) and although it declined a little initially, remained relatively stable 
throughout the monitoring period. The continuous stimulation of algal 
biosensors produced a satisfactory response that did not decline significantly 
over time, therefore this regime was used for subsequent toxicity assessments. 
The use of continuous illumination would give a more complete account of 
events following additions and would simplify data handling procedures. 
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Figure 4.10: S. capricornutum biosensor response to addition of BQ mediator (0.5 mM; 
Os), during continuous illumination (initiated at 600 s). Sensors bathed in phosphate-buffered 
BG-Il (25 mM; pH 7.4) with increased ionic strength (131 mM); n = 4 . 
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4.4 	 Toxicity Assessment Using Selenastrum capricornutum 

Biosensors 

Direct EC50 Calculation 
Following additions of diuron and pentachlorophenol to 
S capricornutum biosensors, the normalised mean response for each treatment 
decreased (± S.B., Figs. 4.11 & 4.12). 
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Figure 4.11: Exposure of S. capricornutum biosensors to diuron. [DCMU] 111M: (x) 0, 
(A) 0.05, (.) 0.25, (+) 0.50, (D) 2.5. Toxicant addition at t = 1200 s; mediator (0.5 roM BQ) 
added at t = 600 s; responses have been corrected for the background current. Sensors bathed 
in phosphate-buffered BG-l1 (25 mM; pH 7.4) with increased ionic strength (131 mM); 
n=4. 
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Figure 4.12: Exposure of S. capricornutum biosensors to pentachlorophenol. [PCP] filM: 
(x) 0, (A) 6, (.) 30, (+) 50, (D) 100. Toxicant addition at t = 1200 s; mediator (0.5 mM BQ) 
added at t '= 600 s; responses have been corrected for the background current. Sensors bathed 
in phosphate-buffered BG-11 (25 roM; pH 7.4) with inaeased ionic strength (131 roM); 
n=4. 
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Figure 4.13: Inhibition of S. capricornutum biosensors by the herbicide diuron, following a 
30 minute exposure period; n == 4. 
The 30 minute ECso for each toxicant could then be estimated directly 
from concentration-inhibition plots. These were found to be approximately 
0.06 ± 0.004 IlM and 5.0 ± 0.25 IlM for diuron and pentachlorophenol 
respectively (Figs. 4.13 & 4.14). 
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Figure 4.14: Inhibition of S. caprtcornutum biosensors by pentachlorophenol, following a 
30 minute exposure period; n =4. 
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Calculation of ECso Using a Mathematical Model 
The mathematical model described in 3.1.2.3 was applied to biosensor 
data from a 30 minute toxicant exposure, in an attempt to increase the overall 
sensitivity of the biosensor technique. The model was applied successfully to 
the biosensor data and resulted in the calculation of lower ECso values than 
those obtained directly. 
Further comparison of both direct and modelled biosensor results with 
those in the literature showed the biosensor approach to compare favourably in 
terms of its sensitivity to both diuron and pentachlorophenol, with the 
modelled ECso for PCP falling in the same range as that from both Microtox™ 
and Daphnia toxicity tests (Table 4.1). The algal bioassays were expected to 
show a greater sensitivity to the herbicide diuron than Microtox"", Daphnia or 
fish, since the mode of action of DCMU is specifically known to operate by 
inhibiting photo system II in the photosynthetic electron transport chain. PCP, 
however, exerts toxicity on all cell types in a more general fashion, by 
disrupting membrane function (Jayaweera et al., 1982; Smejtek et al., 1983) 
and therefore it would seem unlikely that one particular organism would show 
a much greater sensitivity than another. The biosensor was consistant with the 
other algal tests, in that all were more sensitive to diuron than to PCP, 
probably as a result of the specific mode of action of the herbicide. The 
sensitivity of the biosensor data compared well to that of the other tests in 
... most ca.ses and, with the exception of Microtox"", the other ecotoxicological 
tests were of a much greater duration than the biosensor assay. The rapidity of 
the biosensor test would mean a considerable through put of samples could be 
achieved in the time taken to run a standard algal growth inhibition assay. 
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Test Species Duration Pentachlorophenol (PCP) Diuron CDCMU) 
IlM ppm IlM ppm 
Biosensor EC50 Selenastrum 30 min 5.0 ± 0.25 1.3 ± 0.07 0.06 ± 0.004 0.014 ± 0.001 
capricornutum i 
Modelled Selenastrum 30 min 3.0 ± 0.08 0.8 ± 0.02 0.05 ± 0.009 0.012 ± 0.002 
Biosensor Data capricornutum data set 
Growth Inhibition Selenastrum 72 - 96 h 2.90 1 0.76 1 0.12 ± 0.022 0.03 ± 0.005 2 
ECso capricornutum 
26 3 7 3LDso Chlorella 24 - 96 h 8.58 4 2.00 4 

pyrenoidosa. 

Microtox ™ ECso Photobacterium 5 min 3.725 0.99 5 70.8 5 16.5 5 

phosphoreum 

Immobilisation Daphnia magna 24h 3.22 ± 0.3 6 0.86 ± 0.08 6 200 7 477 

ECso 

Lepomis 96h 0.90 8 0.248 37000 9 8700 9LCso 
macrochirus 
.-~.. 
Table 4.1: A comparison of S. capricornufum biosensor ECso results (shown ± S.E.) with those from some other ecotoxicological techniques. References: 1. Smith et al. 
(1987); 2. Roy Thompson (pers. comm.); 3. Adema & Vink (1981); 4. Vinnani et al. (1975); 5. Kaiser & Palabrica (1991); 6. Lilius et al. (1994); 7. Crosby & Tucker 
(1966); 8. Sarnis et aL (1991); 9. McCraren e/ a1. (1969). 
105 
4.5 	 Cryopreservation of Selenastrum capricornutum 

Biosensors 

4.5.1 	 Responses ofSelenastrum capricornutum Electrodes Following 

Cryopreservation and Thawing 

The usefulness of an assay will depend not only on its sensitivity, 
rapidity and applicability, but also on its simplicity and ease of use. In order to 
simplify assay procedures as much as possible for the end user, biosensor 
electrodes might be supplied in a 'dormant' form that could be revived when 
required. Bacterial sensors have been successfully lyophilised and revived by 
the Sensor Group, although this procedure is unsuitable for microalgae since 
their photosynthetic apparatus is easily damaged by such treatment and 
survival rates of less than 1 % of the population have been reported for freeze­
dried algae (McGrath et ai., 1978). However, successful preservation of algal 
cultures has been achieved through cryopreservation in liquid nitrogen using 
standard protocols (e.g. Day & DeVille, 1995) with viabilities of over 90 % 
being attainable (Morris, 1978). 
The basic procedure for the cryopreservation of algal culture, described 
by Day & DeVille (1995), was followed during the cryopreservation of 
S. capricornutum biosensor electrodes and step-wise cooling ofbiosensors in a 
4 controlled-cooler resulted in good survival of the biocatalytic element of the 
biosensor. The mediated currents produced using thawed electrodes did not 
appear to differ from those obtained from biosensors made using freshly­
harvested culture (Fig. 4.15a). Both the responses from fresh and thawed 
electrodes showed a good stability during the monitoring period, with no 
appreciable decline in current (Fig. 4. 1Sb). 
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Figure 4.15: Response of fresh and thawed S. capricornutum biosensors to mediator 
addition (0.5 roM BQ; 600 s). (x) Freshly made biosensors; (M biosensors thawed following 
storage in liquid N2• Responses were normalised· with respect to the maximum current 
recorded for each treatment; responses have been corrected for the background current. 
Sensors bathed in phosphate-buffered BG-l1 (25 mM; pH 7.4) with increased ionic strength 
(l31mM);n=3. 
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4.5.2 	 Responses of Thawed Selenastrum capricornutum Electrodes to 
Toxicant Exposure 
There was a possibility that the cryopreservative treatment, involving 
the exposure to DMSO cryoprotectant and low temperatures, may have 
damaged the biocatalytic component, therefore making it more sensitive to 
toxicants. Freshly made and thawed S. capricornutum electrodes, both 
prepared using the same loading regime (50 III of re-suspended log phase 
culture) and therefore a similar cell density, were exposed to mercuric chloride 
and showed a comparable decrease in the magnitude and profile of their 
responses (Fig. 4.16), indicating that the bulk of the immobilised algal cells 
responding to mediator and toxicant were not significantly damaged during 
cryopreservation. Therefore cryopreservation appeared to be an appropriate 
storage method for S. capricornutum biosensor electrodes. 
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Figure 4.16: Response of S. capricornutum biosensors to an addition of mercuric chloride 
(13 11M): (x) thawed electrodes following cryopreservation procedure; (L\) freshly made 
electrodes. Responses normalised at the point of toxicant addition, denoted by arrow. 
Mediator (0.5 mM Ben added at 600 s. Sensors bathed in phosphate-buffered BG-II (25 roM; 
pH 7.4) with increased ionic strength (13 IRIM); n=;3. 
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4.6 	 Summary of Selenastrum capricornutum Biosensor 

Investigations 

4.6.1 General Summary 
The green alga Selenastrum capricornutum was initially chosen as a 
model eukaryotic system since it was easy to culture and manipulate. The 
results have shown that it was possible to electrochemically monitor the 
metabolic status of this organism, and that the Selenastrum capricornutum 
biosensor test was demonstrated to be a simple, sensitive and rapid approach 
to toxicity testing. However, several points require further discussion with 
regard to the use of this biosensor system as a routine toxicity test. 
The need for penetrating mediators presented some problems in that 
these lipophilic compounds exerted some metabolic stress on the cells and it 
could be questioned as to whether the measurement and assessment of a 
toxicant (the test substance) with a compound that perturbs cellular 
metabolism to some extent (the mediator) would be a valid approach to adopt. 
The use of adequate controls would help to ensure that any observed mediator 
perturbation, manifested through a decrease in the observed control current, 
could be accounted for in subsequent calculations, although any synergism 
occurring between mediator and toxicant within the test vials could still be 
0& missed. However, low mediator concentrations and short test durations both 
helped to minimise the disruptive effects of the mediator on cellular 
metabolism during toxicity investigations. 
In addition to possible complications from mediator presence, use of 
buffered and ionically adjusted media could also be a concern since it can be 
argued that the test media should remain as simple and 'natural' as possible. 
Buffering would obviously minimise any pH effects occurring on addition of 
the toxicant, although itcan be argued that the pH of a toxicant or effluent can 
easily be determined by chemical and physical means. A toxicity assay should 
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be geared more towards detecting the inherent toxicity of a compound and not 
so much that produced as a result of pH effects, since extreme pHs can be 
compensated for by additions of appropriate substances to the effluent stream, 
in order to make the effluent more neutral in pH, or to adjust it to a level that is 
appropriate for the river system into which the effluent is being discharged. 
The toxicity produced by a compound due to its interaction with respiration or 
other metabolic processes cannot be so easily compensated for and therefore 
needs to be determined with bioassays so that treatment or dilution of the 
effluent can be undertaken to remove the threat. 
It is possible that in some instances, more likely in the case of 
effluents, large volumes of test substance would be added to biosensor vials, 
thus diluting the media constituents and ionic concentration to a greater of 
lesser extent. In these cases, the dilution effect alone could account for any 
decrease in current, as opposed to any inherent toxicity of the test substance. 
Again, appropriate controls, perhaps with additions of de-ionised water, could 
be used to account, at least in some part, for dilution effects. Although current 
toxicity tests employing organisms such as Daphnia and fish use water as the 
bathing medium, cell-based assay systems tend to employ more complex 
media, ranging from saline solutions (Microtox') to growth media (standard 
algal growth test). There is always the possibility that the test substance may 
interact with media constituents in some way so as to increase or decrease 
.. apparent toxicity and perhaps it is important to note that one assay method will 
not yield perfect toxicity data for all compounds tested. The limitations of an 
assay must be understood so that it can be applied in the correct situations and 
used in conjunction with other approaches, such as chemical tests that could 
provide information on the physical characteristics of effluent samples 
(e.g. pH). 
One of the major· difficulties identified during these investigations was 
in achieving batch uniformity and the. varlationbetweoo replicate treatments 
was observed to be considerable in some instances (as exemplified in Fig. 4.3). 
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Although the production of biosensors was standardised as much as possible, 
there was still room for operator error during these procedures, such as the 
uniform dilution of culture following harvesting and hence in obtaining a 
similar density of cells in all aliquots of culture subsequently centrifuged. 
Additionally, uneven loading of cells onto the filters could add to the variation 
between replicate treatment responses. However, although batch uniformity is 
an important criterion to work towards, mathematical manipulation of the data, 
such as normalisation, can reduce much of the variation between individual 
sensors by putting them all at the same starting point. For example, during 
toxicity investigations, currents from all the biosensors were normalised at the 
point of toxicant addition, giving a communal starting point of 1, and so long 
as the percentage decrease in response was similar between replicates, the 
variation associated with the toxicity data would be low. The absolute currents 
produced by two biosensor electrodes become less important than their 
behaviour following toxicant addition and if their response profiles are the 
same, then it is possible to make predictions concerning the effects and 
toxicity of the compound in question. If these profiles are very dissimilar from 
each other, predictions are harder to make and the validity of the assay has to 
be questioned. 
4.6.2 	 Standard Conditions for Selenastrum capricornutum Biosensor 
Investigations 
The following list of points summarises the conditions chosen for the 
operation of S. capricornutum biosensors during toxicity assessments: 
1. 	 S. capricornutum culture with an OD663 of 1.0-1.3 was isolated, prepared 
and immobilised as described in section 3.1.2. 
2. 	 Sensors were bathed in BG-ll growth media, buffered with phosphate 
(25 mM; pH 7.4). The ionic strength of the bathing media was increased 
by addition of 131 mM KCl. 
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3. 	 Mediator (BQ; 0.5 mM) was added only 10 minutes prior to monitoring, to 
allow its entry into the cells, but to minimise possible toxic effects due to 
prolonged mediator exposure. 
4. 	 The 'dark' background current was allowed to stabilise before continuous 
illumination was provided to stimulate the photosynthetic response. 
5. 	 The 'photosynthetic' current was allowed to stabilise prior to addition of 
toxicant, with EC50 values being estimated following a 30 minute exposure 
period. 
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5 Fish Cell Biosensors For Toxicity Assessment 
5.1 Optimisation of Fish Cell Biosensors 
5.1.1 Introduction 
Initial investigations were geared towards the generation of a redox 
mediated response from BF-2 cells immobilised onto the surface of an 
electrode. The approach followed in the first instance was similar to that 
employed with S. capricornutum biosensors, in that the cells were grown to an 
optimal point (i.e. confluency), harvested and then immobilised between 
alumina filters. The response obtained from BF-2 biosensors was influenced 
by various factors, such as the composition of the bathing medium, the redox 
mediator employed and the density of cells immobilised on the electrode 
surface. Once a basic operating protocol had been identified, resulting in the 
generation of a satisfactory current, each factor could be investigated further in 
order to maximise the biosensor response in terms of magnitude and stability. 
5.1.2 Bathing Media Optimisation 
Media such as GMEM or MMEM are unsuitable for use in cytotoxicity 
studies since they contains serum, which is known to form complexes with 
cationic metals (Morgan, 1981), lowering their toxicity (Borenfreund & 
4 Puemer, 1986); the bioavailability of organic test agents is also influenced by 
serum content (Marion & Denizeau, 1983b; Babich et ai., 1989c). 
Additionally, these media contain many other organic components (e.g. amino 
acids, nutrient broth) that could interfere with the cellular response to test 
agents. Karube et al. (1989) used phosphate-buffered saline (PBS) as the 
bathing media with biosensors incorporating Chang liver cells and for these 
reasons, PBS was investigated with BF-2 biosensors. 
~ , 
Initial experimems on BF~2 biosensors used MMEM or PBS as the 
bathing media and two concentrations of BQ mediator, where the higher of the 
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two mediator concentrations resulted in a higher mean current under both 
media regimes (Fig. 5.5). BQ was used since it was a penetrating mediator and 
had already been used successfully with eukaryotic algae (section 4.2.3). 
MMEM-bathed biosensors produced a sizeable background current prior to 
addition of mediator which was probably due to electrochemical activity from 
some media constituents, in contrast to that from PBS-bathed electrodes, 
where the background current was negligible (Fig. 5.1). Following mediator 
input, MMEM-bathed electrodes produced a current spike, followed by a 
steadily rising current, whereas PBS-bathed biosensors produced a current 
spike which subsequently declined to a low, but steady current output. The 
rising current produced by MMEM-bathed sensors may have been due to 
interaction of the mediator with organic compounds present in the media, 
which led to mediator reduction and hence an increase in current. MMEM­
bathed sensors also showed a greater variation between replicate electrodes 
compared to PBS-bathed sensors, in the case of both mediator concentrations 
used (± S.B., Fig 5.1). 
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Figure 5.1: Response of BF-2 biosensors, bathed in MMEM or PBS, to different mediator 
concentrations (denoted by arrow). [8Q] fmM: (x) MMEM + 0.5 ; (Ll) MMEM + 1.0; 
(+) PBS + 0.5; (+) PBS + LO.Numberofteplicates per treatment, n =0 3. 
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Further investigations were then undertaken to enhance the current 
produced by PBS-bathed sensors by the addition of energy sources, such as 
glucose or lactate. Glucose was chosen primarily since it is the energy source 
included in growth media preparations, such as GMEM, where a 25 mM 
concentration is used. Lactate was also investigated because it had previously 
been shown to increase the metabolic response of microbial biosensors during 
electrochemical monitoring (Richardson, 1991). An alternative penetrating 
mediator, DMBQ, was used in these investigations, since preliminary 
experiments with a variety of mediators indicated it produced a more stable 
mediated response from BF-2 biosensors than BQ. 
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Figure 5.2: Response of BF-2 biosensors to additions (denoted by arrow) of increasing 
0& concentrations of glucose to the bathing media (PBS). [Glucose} ImM: (x) 0; (fl.) 5; (.) 25; 
(+) 50. Current normalised at the point of supplement addition (approx. 1200 s). Mediator 
(0.05 mM DMBQ) added at 0 s. n = 3. 
All additions of glucose to PBS-bathed BF-2 biosensors resulted in a 
stimulated response which was higher than that produced by control sensors 
bathed in PBS alone (Fig. 5.2). The range of concentra.tions tested (5-50 roM) 
produced mean responses of similar magnitude, although 25 mM glucose 
appeared to produce the greatest stimuiation.Thisseemed to indicate that the 
cells ability to utilise glucose was at ,a maximum under these conditions and 
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further increases in glucose concentration would not lead to further biosensor 
stimulation. 
Biosensors were stimulated by additions of lactate (20 mM; chosen 
during investigations (results not shown) where this concentration was seen to 
stimulate BF-2 cells adequately) or glucose (10 mM; chosen arbitrarily, as 
previous results had suggested concentrations in the range 5-50 mM produced 
responses that were not significantly different from one another (Fig. 5.2)). 
Both substrates stimulated the metabolism of the cells to a similar degree and 
the resulting responses appeared to decline to a lesser extent than those from 
unstimulated biosensors (Fig. 5.3). 
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4 Figure 5.3: Response ofBF-2 biosensors to additions (denoted by arrow) of either lactate or 
glucose to the bathing media (PBS). (x) no . additions; (M glucose, 10 roM; ( • ) lactate, 
20 mM. Current normalised at the point of supplement addition (approx. 900 s). Mediator 
(0.05 mM DMBQ) added at 300 s. n = 3. 
Combinations of glucose and lactate were investigated as it was 
possible that presence of both supplements could stimulate additional 
metabolic pathways, raising cellWax .paetaboliQ output and hence biosensor 
response. In additio~ since to~ts ·C4!Ulaffect different pafuways to varying 
degrees, stimulation of more thmt ooe pathway could yield more accurate 
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toxicity data. All combinations tested resulted in stable currents that were 
substantially higher than those produced by control sensors with no additions 
(Fig. 5.4), the lowest concentrations investigated (5 mM each of lactate and 
glucose) resulting in the greatest stimulation. 
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Figure 5.4: Response ofBF-2 biosensors to additions (denoted by arrow) of increasing equal 
concentrations of lactate and glucose together to the bathing media (PBS). [Each 
Supplement] fmM: (x) 0; (~) 5; (.) 10; (+) 20. Current nOl1l1alised at the point of 
supplement addition (approx. 1500 s). Mediator (0.05 mM DMBQ) added at 300 s. n = 3. 
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Figure 5.5: Response of BF-2 biosensots bathed in PBS supplemented with a combination 
of lactate and glucose or glucose aJO"8. (x) Laeta.te + glucose (5 ruM each); (~) glucose 
(25 mM). Mediator (0.05 mM DMBQ) added at 300 s. n;= 3. 
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However, when the stimulatory properties of the lactate-glucose 
combination (5 mM each) were compared to those of glucose alone (25 mM), 
the magnitude or stability of mean responses obtained using either regime did 
not appear to differ from one another (Fig. 5.5). Therefore, in order to keep the 
bathing media as simple as possible for these investigations, 25 mM glucose 
was chosen as the sole energy supplement in the PBS bathing solution. 
5.1.3 Redox Mediators 
Lipophilic mediators were chosen in order to access reactions 
occurring within the cytoplasm and membrane-bound organelles of fish cells 
because, unlike prokaryotes, eukaryotic cells have relatively low levels of 
metabolic reactions occurring on their plasmalemma membrane surface. 
However, cell penetrating mediators can have the disadvantage of prolonged 
use resulting in cytotoxicity and hence shortened sensor lifespan (Pandard & 
Rawson, 1993); therefore short-term monitoring (e.g. :::; 1 h) is preferential in 
order to minimise this toxic effect. Additionally, some lipophilic mediators, 
namely those from the quinone family, readily undergo photo-reduction and 
are therefore not very stable over long time periods. 
The fish cell line chosen for these investigations was BF-2, identified 
by other workers as being more sensitive to toxicants than other fish cell lines 
(Babich et aI., 1986; Kocan et aI., 1979). This higher sensitivity to toxicants 
.. 
implied that the cells were generally less robust and for this reason would give 
a better indication of mediator toxicity. The four lipophilic mediators studied 
here were chosen because they had been used successfully with eukaryotes by 
other workers but interrogation of BF-2 cells with these mediators resulted in 
variable success with respect to the generation of a steady current of 
measurable magnitude. 
Menadione can act as an electron carrier and be reduced by 
flavoprotein enzymes (Dawson et ai., 1989). Exposure of BF-2 biosensor 
us 
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electrodes to menadione resulted in a current that was greater than that 
achieved from unexposed control electrodes, although all the menadione­
mediated currents observed were very low « 0.1 ~A; Fig. S.6a). 
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Figure 5.6: BF-2 biosensor response achieved using menadione. a) Mean responses of 
triplicate biosensors; b) 'Nonnalised mean responses (normalised with respect to maximum 
current obtained in each case). [Menadione] ImM: (x) 0; (A) 0.06; (.) 0.30; (+) 0.60. Sensors 
bathed in PBS + 25 mM glucose; mediator,additiom at 300 s. 
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Due to the low signal to noise ratio, the background noise produced by 
the action of stirrer bars within the vials was more obvious and hence the 
responses seen were not particularly 'clean'. Additionally, it is possible that 
the connections between electrodes and interface were not optimal, also 
resulting in the generation of some electrical noise. The mean responses 
produced by 0.06-0.6 mM menadione were not substantially different from 
one another and all responses reached a plateau and remained relatively stable 
for the duration of the monitoring period (Fig. 5.6b). 
Dichlorophenolindophenol has been employed as a mediator for 
microbial biosensors (Patchett et ai., 1989; Roller et al., 1984; Nishikawa 
et ai., 1982) and by Kambe et al. (1989) for electrochemical monitoring of 
Chang liver cells and was therefore viewed as a candidate for use with BF-2 
fish cells. In those studies, a range of DCPIP concentrations was used 
(between 0.01-0.2 mM). In this study, DCPIP-mediated BF-2 biosensor 
responses were investigated using two concentrations from this range. 
Electrodes in the presence of 25 mM glucose substrate, exposed to 
0.05 and 0.2 mM DCPIP, gave responses of approximately 0.25-0.5 /lA in 
magnitude, showing good stability over time (Fig. 5.7). However, the control 
electrodes, made with filters containing no irnmobilised cells, also responded 
with an increase in current following input of DCPIP mediator to the vials 
(Fig.5.7a), which could either be due to presence of some reduced mediator 
species in the added stock solution, or some interaction occurring between the 
added mediator and the constituents of the bathing media. 
The background currents observed in this study were approximately 
80 % of the cell-generated currents, compared with background responses in 
other reported studies that were only 10 % of the cell-generated responses 
(Kambe et al., 1989; Nishikawaet al., 1982). Both these studies included 
phosphate-based buffers within the bathing media and therefore it seems 
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unlikely that the presence of phosphate alone could account for the high 
background currents observed here. 
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Figure 5.7: BF-2 biosensor response achieved using dichlorophenolindophenol (DCPIP). 
a) Mean responses of triplicate biosensors; b) Nonnalised mean responses (normalised with 
respect to maximum current obtained in each case). Electrodes with immobilised cells, 
[DCPIP] fmM: (x) 0.05; (6.) 0.20. Electrodes without immobilised cells, [DCPIP] fmM: 
(.) 0.05; (+) 0.20. All electrodes bathed in PBS + 25 roM glucose; mediator additions at 
300 s. 
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Both p-benzoquinone and 2,6-dimethylbenzoquinone had been 
successfully used as mediators with the eukaryotic green alga, Selenastrum 
capricornutum (Section 4.4), and thus were also chosen for investigation with 
BF-2 fish cells. Both compounds, being lipophilic, were expected to elicit 
responses from the BF-2 biosensors. 
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Figure 5.8: BF-2 biosensor response achieved using p-benzoquinone. a) Mean responses of 
triplicate biosensors; b) Normalised mean responses (normalised with respect to max imum 
current obtained in each case). [BQ] ImM:(x) 0; (~) 0.10; (+) 0.25; (+) 0.50; (0) 0.50 with 
no cells. Sensors bathed in PBS +25 mM gf\t'Cose; mediator additions at 400 s. 
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Concentrations between 0.1-0.5 mM of each mediator produced mean 
currents that ranged from approximately 0.5-2.0 IlA, which were, for the most 
part, significantly different from control electrodes with immobilised cells and 
no mediator addition and from blank electrodes with added mediator (Figs. 5.8 
& 5.9). However, control electrodes with no cells immobilised, but with 0.5 
mM BQ added, showed a background current of approximately 0.5 ~A, which 
was similar to the final current obtained from BF-2 biosensors exposed to 
0.1-0.5 mM BQ; this mediator has previously been seen to give a sizeable 
background current when used with phosphate buffer (Anne Atkinson, 
personal communication). Increasing concentrations of mediators produced 
increasingly large mean current maxima, although these maxima tended to 
decline to a final mean current of approximately 0.5 IlA in all treatments, for 
both mediators. 
The higher BQ concentrations (0.25-0.50 mM) resulted in an initial 
peak of current that declined quite substantially (Fig 5.8a), possibly indicating 
that the mediator was exerting a toxic effect on the cells, making them unable 
to sustain their high initial metabolic response in the presence such 
concentrations. The 0.1 mM treatment showed a slower rise to its maximum 
mean current compared with the two higher concentrations, although the 
decline following this maximum was less marked than in the other treatments 
(Fig.5.8b). 
A concentration range of 0.1-0.5 mM DMBQ produced currents that 
appeared to be more stable than those achieved with BQ when using the same 
concentration range (Fig. 5.9). The mean final currents obtained using this 
range ofDMBQ concentrations appeared to be similar (Fig. 5.9a), although the 
smallest decline and therefore greatest stability of the current response over the 
monitoring period, occurred using 0.1 mM DMBQ (Fig.5.9b). Again it is 
possible that the higher concentrations of this lipophilic mediator were 
exerting some toxic effects on the cells) thus depressing the metabolic 
response and hence the current, during the monitoring period. During these 
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investigations some electrodes appeared to produce 'noisy' responses 
(e.g. Figs. 5.8 & 5.9); this was probably due to poor or faulty electrical 
connections between the electrodes and external circuitry. 
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Figure 5.9: BF-2 biosensor res.ponse achieved using 2,6-dimethylbenzoquinone (DMBQ). 
a) Mean responses of triplicate biosensors; b) Normalised mean responses (nonnalised with 
respect to maximum current obtained in each case). [DMBQ) fmM: (x) 0; (~) 0.10; (.) 0.25; 
(+) 0.50; (D) 0.50 with no celis. Sensors bathed in PBS + 25 mM glucose; mediator additions 
at 400 s. 
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Previous investigations undertaken within the Sensor Research Group 
had shown that in some instances it was possible to obtain greater mediated 
responses from biosensors by using combinations of mediators at low 
concentrations when compared to those obtained using single mediators. This 
possibility was explored in the case ofBF-2 cells and since DMBQ had so far 
given the most promising responses, it was chosen for further investigation. 
Menadione and DCPIP were discounted as partners for DMBQ due to the low 
signal to noise ratio and high background responses obtained respectively. BQ 
was chosen as the second mediator for the combination due to its successful 
use with the eukaryotic alga, S. capricornutum, and because it led to 
satisfactory responses when used with BF-2 cells, although it also had resulted 
in a significant background current in the BF-2 investigations. However, it was 
thought that this could be decreased by using lower concentrations. This was 
shown to be the case when control electrodes were exposed to a combination 
of BQ and DMBQ (0.1 mM each; Fig. 5.11a), giving rise to a lower 
background current than that obtained previously (Fig. 5.8a); whereas BF-2 
biosensors exposed to this mediator combination responded with a 
significantly higher mean current compared to these controls (Fig. S.lla), 
confirming that the impact of the background response of BQ could be 
lessened with the use oflow concentrations. 
Responses obtained using combinations of different mediator 
concentrations were firstly compared to each other (Fig. 5.10), and 
subsequently compared to those obtained from use of single mediators 
(Fig. 5.11). A mixture containing 0.2 mM concentrations of each mediator 
produced the highest mean current, which subsequently declined to 
approximately 0.5 ~A (Fig. 5.10a). A mixture of 0.05 mM BQ and 0.2 mM 
DMBQ resulted in a steady mean current of approximately 0.25 jlA for the 
duration of the monitoring period (Fig. 5.10a). However, the most favourable 
response observed in terms of both magnitude and stability was obtained using 
0.1 mM BQ and 0.2 mM (Fig. 5.10). 
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Figure 5.10: BF-2 biosensor response achieved using various concentrations of 
p-benzoquinone together with 2,6-dimethylbenzoquinone. a) Mean responses of triplicate 
biosensors; b) Normalised mean responses (normalised with respect to maximum current 
obtained in each case). [BQJ fmM: (x) 0; (6.) 0.05; (.) 0.10; (+) 0.20. [DMBQ] fmM = 0.2 
in each case, except for the controls where no mediator was added. All electrodes bathed in 
PBS + 25 mM glucose; mediator additions at approximately 800 s. 
Use of DMBQ mediator alone resulted in a more stable current over 
the course of one hour compared to the other treatments at the concentrations 
tested (Fig. 5.11b). Towards the end of the monitoring period this DMBQ 
current was observed to be slightly higher than that of the other treatment 
means (Fig. 5.11a). The mean response of biosensors exposed to BQ alone 
again showed a characteristic initial rise to maximum.., followed by an 
immediate decline to around 0.5 tJ.,A. 
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Figure 5.11: Comparison of BF-2 biosensor responses achieved using DMBQ alone, BQ 
alone, or both mediators used together. a) Mean responses of triplicate biosensors~ 
b) Normalised mean responses (normalised with respect to maximum current obtained in each 
case). [Mediator] fmM: (x) 0 of both mediator; (~) 0.10 of both BQ and DMBQ; (+) 0.20 of 
BQ; (+) 0.20 ofDMBQ; (0) 0.10 of-both BQ and DMBQ with no cells. All electrodes bathed 
in PBS + 25 mM glucose; mediators added at 300 s. 
The initial high response to BQ addition could not be sustained by the 
cells, indicating that BQ was more toxic to immobilised BF-2 fibroblasts than 
DMBQ when used at the same concentrations. The current was always seen to 
decline quite substantially following the maximum response (Figs. 5.9 & 
5.11), although it was not as marked when relatively low concentrations of 
1:27 

mediator were used (Fig. 5.9). The responses produced by biosensors exposed 
to DMBQ alone appeared to be the most favourable of all those produced by 
any combination of, or individual, mediators tested. Therefore the optimal 
DMBQ concentration for BF-2 biosensors was investigated further. 
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Figure 5.12: Response ofBF-2 biosensors to increasing concentrations ofDMBQ. a) Mean 
responses of triplicate biosensors; b) nonnalised mean responses (nonnalised with respect to 
maximum current obtab.\ed in each case). [DMBQl/m:M: (x) 0; (6.) 0.025; (.) 0;05; (+) 0.10; 
(0) 0.20; (e) 0.20 with no cells (added at 300 s). All electrodes bathed in PBS + 25 roM 
glucose; mediators added at 300 s. 
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DMBQ concentrations of 0.025-0.2 mM produced responses that were, 
for the most part, considerably higher than those from control electrodes that 
had no immobilised cells (Fig. 5.12a). The same pattern of response was 
observed as seen previously with DMBQ (Fig. 5.9), with the higher 
concentrations appearing more toxic to the cells. Moreover, the responses 
obtained using higher concentrations of DMBQ appeared to be rather 
unpredictable from one experiment to another, as exemplified by the currents 
obtained using 0.2 mM DMBQ (compare Fig. 5.11, showing a relatively stable 
response over 1 hour; and Fig. 5.12, showing a current peak followed by a 
substantial decrease in the response of sensors). In contrast, response to 0.025­
0.05 mM DMBQ produced currents that remained relatively stable over the 
course of one hour (Fig. 5.12), although they were slower to reach a 
maximum. The stability of both responses was comparable (Fig. 5 .12b), 
although 0.05 mM DMBQ gave rise to a mean response of greater magnitude 
(Fig. 5.12a) and was therefore chosen for use in subsequent studies involving 
BF-2 biosensors. 
The slow rise to maximum was not viewed as a drawback in the use of 
lower mediator concentrations, since it would always be possible to 'pre­
expose' the biosensor electrodes to the mediator prior to data collection, if this 
were required. A pre-exposure regime of 10 minutes, such as that used with 
the algal biosensors (Section 4.1.2), would allow the mediator to penetrate into 
the cells and on commencement of monitoring the observed currents could be 
allowed to stabilise for a further 5-10 minutes, until they were at their 
maximum, prior to addition of toxicant. This would then allow a further 50-55 
minutes worth of data to be collected, solely documenting the toxic effect of 
the added compound. The important point however, is that during toxicity 
studies, it was necessary to ensure the currents were as stable as possible prior 
to toxicant addition, whether the electrodes had been pre-exposed or not, so 
making it easier to compare toxicant-exposed electrodes to controls with 
confidence. 
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5.1.4 Cell Loading Density 
5.1.4.1 Effect of Cell Density on Biosensor Response 
The current obtained from BF-2 biosensors was influenced by the 
number of cells immobilised at the electrode surface. Much of the variation 
observed between biosensor replicates was attributed to variable loading of 
filters since it was difficult to achieve an accurate and consistent density for 
every biosensor electrode. A monolayer of cells on the electrode surface could 
be an optimal arrangement because there would be no shielding effects, with 
all the cells being exposed to mediator and toxicant, where added. 
Additionally, there would be optimal contact between the filter-sandwiched 
cells and the electrode surface, ensuring good interaction between the reduced 
mediator species leaving the cells and the electrode surface and thus resulting 
in efficient re-oxidation of the mediator. However, in practice it is difficult to 
achieve a cell monolayer since the cells tend to form clumps and so can 
distribute unevenly over the surface of the filter discs. Increasing the biomass 
would produce a more even coverage on the filter surface and would increase 
the biosensor current, however, use of too high a cell density could hinder the 
access of mediator and toxicant to some cells and therefore a balance must be 
struck such that biosensor sensitivity to toxicants is not compromised in 
favour of a higher initial biosensor current. 
BF-2 fish cell dimensions: 13 ~m x 10 !-llIl 
Area ofBF-2 fish cell: 1.3 x 10-10 m2 
Filter disc dimensions: 5 mm dia. 
Area of filter disc (nr): 2 x 10-5 m2 
No. fish cells/filter disc: 0.15 X 106 [to achieve monolayer] 
No. fish cells/ml sample: 7.5 X 106 
Figure 5.13: Calculation to estimate the ottmber of BF-2oeils per ml of sample required to 
give a theoretical monolayer oa an aluminafUier disc (5011» dia.~ usi~ standard preparation 
and loading methods as described in section 3.2.2. All dimensions approximate. 
no 
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In order to obtain a theoretical monolayer of fish cells, using the 
preparation and loading techniques as described in section 3.2.2, the cell 
density required in the eppendorf was calculated as approximately 
7.5 x 106 ml-l (Fig. 5.13), which was at the lower end of the densities 
investigated here. 
When the fish cell suspension was pipetted onto a filter disc, the cells 
appeared to clump together somewhat, resulting in an uneven distribution 
across the surface of the disc. Therefore use of higher cell densities could 
ensure that a greater proportion of the disc surface would be covered by cells, 
possibly resulting in a more efficient mediated response. A higher cell density 
immobilised on the electrode surface led to a higher biosensor response, 
although the responses obtained from electrode cell densities> 0.56 x 106 did 
not appear to differ from one another within ± S.E. (Table 5.1 & Fig. 5.14). 
Dilution in Mean Cell Density Mean Cell Density Mean Response 
Eppendorf in Sample on Electrode After 30 min 
(~l PBS) (xl06 ml'l) (x 106) (~A) 
30 80 ± 28 1.60 ± 0.56 0.85 ± 0.l6 
40 74 ± 18 1.48 ± 0.36 0.80 ± 0.12 
50 59 ± 13 1.18 ± 0.26 0.78 ± 0.09 
100 28 ± 3 0.56 ± 0.06 0.52 ± 0.09 
200 14 ± 1" 0.28 ± 0.02' 0.17 ± 0.04' 
500 7 ± 2' 0.14 ± 0.04' 0.06 ± 0.03' 
Table 5.1: BF-2 cell dilution volwnes, with corresponding measured cell suspension 
densities, calculated immobiIised celI denSities and resulting biosensor responses. Biosensors 
bathed in PBS + 25 mM glucose; DMBQ (0.2 roM) mediator used in aU experiments. 
Figures are shown ± S.B.: • standard errors from measurements (n=3) within a single 
experiment; other treatments include standard errors between replicate experiments (n=3). 
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Figure 5.14: Mean biosensor response 30 minutes after addition of mediator (DMBQ, 
0.2 mM) with increasing cell density (mI-1 of sample). All electrodes bathed in PBS + 25 mM 
glucose. Number ofreplicates, n=3. 
The results indicated that the theoretical monolayer concentration 
(7.5 x 106 m!"l) was not optimal with respect to the mediated biosensor 
response and higher concentrations were required to achieve a good signal to 
noise ratio. It is probable that some cell loss occurred from between the filters, 
especially with the higher densities, making the actual immobilised cell 
density somewhat lower than that calculated. Additionally, in the denser cell 
layers, it is probable that some cells were 'screened' by others in the layer and 
as a result were not equally exposed to the mediator. Hence only a certain 
proportion of the cells would be responsible for the observed electrochemical 
response. Increasing the cell density above a certain point appeared not to 
increase the biosensor response appreciably and therefore served little purpose. 
Biosensor responses from electrodes loaded with > 0.56 x 106 cells did not 
appear to differ a great d~a1 from one another with respect to signal magnitude 
and stability, during a one hour monitoring period (Fig. S.15a), as indicated 
above. However, the normalised results seemed to indicate that higher cell 
densities led to more stable currents over time, with the highest densities 
showing the least decline (Fig. 5 . ISb). 
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Figure 5.15: Mean responses of BF-2 biosensors using a range of cell densities. a) Mean 
responses of triplicate biosensors; b) Mean normalised responses (normalised with respect to 
maximum current obtained in each case). Estimated cell density (x106 sensor· I); (x) 
1.60 ± 0.56; (L1) LI8 ± 0.26; (+) 0.56 ± 0.06; (+) 0.28 ± 0.02. Sensors bathed in PBS + 
25 mM glucose; mediator (0.2 mM DMBQ) added at 300 s. 
Generally, responses obtained from replicate treatments showed a high 
variability in many cases (Fig. S.lSa), much of which was probably due to the 
difficulty in immobilising the same density of cells onto each batch of 
electrodes, i.e. obtaining batch unifonnity. However, since the variation 
between replicates was approximately constant throughout the monitoring 
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period, it indicated that replicate treatments were giving the same pattern and 
profile of response, even though the magnitude of this response varied from 
electrode to electrode. Therefore, conclusions could still be drawn with respect 
to the stability of the current obtained from different treatments, and also, 
where the variation was not too great, from the magnitude of these responses. 
With these observations in mind, it was still possible to obtain significant ECso 
results from BF-2 biosensors exposed to toxicants (section 5.2.1). 
5.1.4.2 Effect of Cell Density on Biosensor Response to Toxicants 
It was thought that a high biosensor cell density could result in a lower 
sensitivity to toxicants, since some of the cells could perhaps be shielded by 
others in a dense layer and could be exposed to a lesser extent, or not at all. 
80 
t-8-1 
-... 
60 t-I-i T
eX' 
c: T 1 
,g 
). 
1rXI 
:0 
~ 40 
c: 
ro 
Q) 
::2' 
20 
0 
0 15 30 45 60 75 90 105 120 135 
Cell Density1106 mrl 
Figure 5.16: Mean percentage inhibition of BF-2 biosensors (n = 3; ± S.E.) exposed to 
potassium dichromate (5 mM; 30 min exposure). Biosensors loaded using 10 J.ll portions of 
cell suspensions of varying density (± S.E.). Usual biosensor loading regime used cell 
suspensions containing approx. 60 x 106 cells per m} of PBS. Sensors bathed in PBS + 25 mM 
glucose; the mediator used for these investigations was 0.2 mM DMBQ. 
Due to the difficulties involved in the determination of cell densities 
actually immobilised between the filters, the density of the cell suspension 
used for loading was calculated and used to give an indication of the 
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immobilised cell density. There appeared to be no significant differences with 
respect to the inhibition produced by S mM dichromate over the range of cell 
densities tested (Fig. 5.16; 95 % confidence, Appendix IVb). Therefore the 
sensitivity ofBF-2 biosensors to dichromate was not dependent on the density 
of cells used and the action of the toxicant was not impaired by the presence 
of more or less cells immobilised on the electrode surface. 
Where biosensors were exposed only to mediator, a cell density 
of 28 x 106 ml- J or less resulted in currents that appeared markedly lower than 
currents from denser cell layers (± S.E.; Fig. S.lSa). However, the sensitivity 
to dichromate of these biosensors was comparable to that of denser cell layers 
and the differences in cell density did not appear to affect toxicity. Using 
percentages in the calculation of dichromate inhibition took account of the 
differences between currents produced by each electrode. 
5.1.5 Standard Conditions for BF-2 Biosensor Investigations 
The following list of points summarises the conditions used for the 
operation of BF-2 biosensors during toxicity assessments: 
1. 	A confluent layer ofBF-2 cells was isolated, prepared and immobilised as 
described in section 3.2.2, using a final cell suspension density between 
(30 - 80) x 106 mr' for loading the alumina filters (20 III per sandwich). 
2. 	 Sensors were bathed in phosphate-buffered saline (PBS) and supplemented 
with 25 mM glucose. 
3. 	Mediator (DMBQ; 0.05 mM) was added between 100 - 300 s after the 
commencement of monitoring and the resulting redox mediated current was 
allowed to stabilise prior to the addition of toxicant. 
4. 	EC50 values were estimated following a 30 minute exposure period ofBF-2 
biosensors to the toxicant. 
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5.2 Toxicity Assessments 
5.2.1 Biosensor Toxicity Assessments 
The initial approach to using biosensor electrodes for toxicity 
assessment involved the direct measurement of current following 30 minutes 
of exposure to a chosen toxicant, and the subsequent calculation of an ECso 
value using the data from treatments and controls. The advantages of this 
approach were its simplicity and rapidity. BF-2 and EPC biosensors exposed 
to a range of toxicants generally responded to the addition oftest agents with a 
decrease in current, which was dependent both on the chemical and the 
concentration of that chemical added to the test vials (Fig. 5.17). Generally, 
biosensors exposed to higher concentrations of toxicant showed a more 
pronounced decrease in response. The percentage inhibition was calculated, 
using the control response as a baseline, for each toxicant concentration tested 
and the effective concentration producing 50 % inhibition of the biosensor 
response (ECso) could be determined from a plot of concentration vs. 
percentage inhibition (Fig. 5.18; Table 5.2). 
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Figure 5.17: Response of BF-2 biosensors to mercuric chloride (added at 1100 s). 
[HgCI2JfmM: (x) 0; ( .. ) 0.06; (ill 0.10; (+) 0.i5. Sensors batro.ed in PBS + 25 mM glucose; 
mediator (0.2 mM DMBQ) added at 100s. n = 3. 
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Figure 5.18: Percentage inhibition of BF-2 biosensors by mercuric chloride after 30 
minutes of exposure, obtained directly from the biosensor data. 
EPC biosensors were generally found to be less sensitive than those 
incorporating BF-2 cells, with the level of inhibition produced by most of the 
toxicants only being sufficient to calculate EC ls values (Table 5.2). However, 
the ranked order of toxicity for each cell line was similar (most toxic first): 
BF-2: PCP ~ HgC12 » 3,5-DCP ~ DCMU > CuCI2 ~ dichromate 
EPC: HgC12 > PCP> lindane ~ DCMU ~ CuCl2 
Toxicant 	 EPC EelS 
mM ppm mM ppm 
copper (II) chloride 4.2 ± 0.7 700 ± 100 1.46 ± 0.18 240 ± 30 
mercuric chloride O.09± 0.02 24±5 0.08 ± 0.02 21 ±5 
potassium 5.4 ± 0.8 1 ±200 3.15 ± 0.46 930 ± 140 
180 ± 60 
Table 5.2: Estimated BC values (± S.E.), obtained direc·tJy from the biosensor data, for 
BF-2 and EPC cell biosensors exposeQ to a range of toxicants. Shading indicates stimulation 
of response observed on addition of toxicants (concentrations of up to 5 mM used).• These 
are ECso values. 
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Mercuric chloride, a potent inhibitor of enzymes containing sulphydryl 
(-SH) groups, was found to be the most toxic agent tested for both cell lines 
and its toxicity was comparable for both cell lines. The other two inorganic 
metal salts were found to have the lowest toxicity of the agents tested and the 
higher toxicity of the organic agents could in part be due to their higher 
lipophilicity and therefore greater ability to enter the cells. The link between 
increasing lipophilicity and increasing toxicity has also been noted in other 
studies utilising cell-based bioassays (BoIs et al., 1985; Segner & Lenz, 1993). 
3,5-Dichlorophenol and pentachlorophenol stimulated the response of 
both BF-2 and EPC biosensors and therefore EC values were calculated using 
percentage stimulation, as opposed to inhibition. PCP had a greater capacity 
for stimulation than did 3,5-DCP in the case of both cell lines. Chlorophenols 
are known uncouplers of oxidative phosphorylation (Exon, 1984; Weinbach & 
Garbus, 1965), which would account for the rise in current following 
biosensor exposure. The same stimulatory response was also observed with 
BF-2 biosensors exposed to potassium cyanide, another known uncoupler of 
respiratory activity (Fig. 5.19). 
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Figure 5.19: Response of BF-2 biosensors to potassium cyanide (added at 300-400 s). 
[KeN] fmM: (x) 0; (+) 0.05; (6.) 0.10; (+) 0.20. Sen&Q£s bathed in PBS + 25 mM glucose; 
mediator (0.2 mM DMBQ) added at -300 s (slight deviation from standard conditions); n = 3. 
138 
3600 
The toxicity of chlorophenols has been related to their lipophilicity and 
proton-donating ability (Stockdale & Selwyn, 1971) and, due to its greater 
degree of chlorination, PCP would be expected to be more toxic than 3,5-DCP, 
which was found to be the case here. Other studies have also found an increase 
in chlorination to correlate with an increase in toxicity, both for cells in culture 
(Babich & Borenfreund, 1987d; Jansson & Jansson, 1993; Saito & Shigeoka, 
1994) and for whole organisms (Buccafusco et al., 1981). 
Some toxicants did not produce a significant decrease in biosensor 
response during the 30 minute monitoring period at the concentrations tested. 
BF-2 biosensors exposed to zinc (10 mM, 1360 ppm) and tributyltin (TBT; 
78.3 ~M, 25.5 ppm) were not inhibited significantly, with no usable 
quantitative toxicity data being obtained in either case. There were problems 
associated with the solubility of both these compounds at the concentrations 
tested and biosensors were actually exposed to a suspension of each toxicant, 
meaning that the actual level of exposure was unknown. However, zinc has 
been found to be toxic to BF-2 cells, with the ECso being calculated as 
0.19 mM (neutral red assay; Babich & Borenfreund, 1987a) and TBT is a 
known disrupter of oxidative phosphorylation (Maguire, 1991), with both 
long-term (bluegill sunfish 96 h LCso ~7 ppb; M & T Chern. Co., Oct. 1976) 
and short-term toxicity being documented (ECso or LCso = 1-7 ppb for a 
variety of organisms; M & T Chern. Co., Jun. 1978; M & T Chern. Co., Jan. 
1976). 
5.2.2 Neutral Red Assays 
Neutral red assays were undertaken using BF-2 cells exposed to the 
same range oftoxicants that were used with biosensors in order to compare the 
results obtained in-house from this established cytotoxicity assay to those from 
BF-2 biosensors. The assay was based on the fact that healthy cells retained 
the neutral red dye within their lysosomes, whereas damaged or dead cells did 
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p 
not and so comparing the quantity of extracted dye from treatments and 
controls would enable the calculation ofEe values. 
Generally, the absorbance measured from sample wells was observed 
to decrease as the toxicant concentration increased (e.g. Fig. 5.20a). A plot of 
percentage inhibition vs. concentration (Fig. 5.20b) allowed the calculation of 
EC50 values, which appeared to' correlate well with neutral red toxicity data 
obtained from some other studies reported in the literature (Table 5.3). 
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Figure 5.20: Example micro-plate assay results for BF-2 cells exposed to increasing 
concentrations of pentachlorophenol. a) Absorbance (540 \'lfll) of neutral red dye retained in 
BF-2 Iysosomes; b) Percentage inhibition of n~utral .reU qye retenti<m in BF-2 Iysosomes 
following pentachlorophenol exposure (24 h). n = 8. 
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Toxicant 
copper (II) 
mercuric chloride 
dichromate 
3,5-dichlorophenol 
>-. 
pentachlorophenol 
BF-21 BF-22 GFS3 CCB3 FHM4 
(24 h) (24 h) (24 h) (24 h) (2 h) 
0.21 ± 0.09 0.55 - - 3.20 
0.04 ± 0.01 0.02 
- -
0.11 
0.08 ± 0.03 0.08 - - 0.18 
0.06 ± 0.04 - 0.04 0.07 ­
0.06 ± 0.01 0.17 0.01 0.02 
­
Table 5.3: Neutral red retention assay ECso values (mM) from a variety of fish cell lines 
following exposure to various toxicants. BF-2 (bluegill sunfish fibroblasts); GFS (goldfish 
scale cells); CCB (carp brain cells); FHM (fathead minnow celis). 
References: 1. This study; 2. Babich & Borenfreund (1987a); 3. Saito & Shigeoka (1994); 
4. Brandao et al. (1992). 
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The FHM cells appeared to be the least sensitive to the listed toxicants, 
although this could probably be explained by the considerably shorter 
i exposure time (2 h) used in that study compared to the others. The variation in the NR results appeared to be rather high in some cases, which again illustrates 
I the difficulties involved in achieving 'batch unifonnity', i.e. accurately 'loading' all microplate wells with the same density of cells at the start of theI assay. 
The toxicity of the test compounds was ranked in the following order I, and compared to that for BF-2 biosensors (most toxic first; Table 5.4): 
BF-2 NR: HgCI2 > PCP ~ 3,5-DCP ~ dichromate ~ DCMU > lindane ~ CuCl2 
BF-2 Biosensor: PCP ~ HgC12 » 3,5-DCP ~ DCMU > CuCl2 ~ dichromate 
The ranked order of toxicants was similar for both assays, with mercury and 
the chlorinated phenols being the most toxic of the agents tested, although it 
was apparent that the NR toxicity data showed lower ECso values than those 
calculated from biosensor results in the cases of most toxicants tested. A wider 
comparison of the biosensor and NR ECso data highlights the insensitivity, 
both of the 30 minute direct biosensor toxicity measurement method and of 
141 
» 
cell-based bioassays in general, when compared to whole-organism bioassays 
(Table 5.4). Generally, the Daphnia and fish tests were most sensitive, 
showing EC values in the 11M range, although the golden orfe appeared to be 
somewhat insensitive to dichromate, which may have been due to its inability 
to reach sites of action within the whole fish; whilst the bluegill sunfish was 
rather insensitive to the herbicide diuron, as noted in the previous chapter. The 
three cell-based techniques were broadly similar with respect to sensitivity, 
although overall, the BF-2 biosensor was the least sensitive of these. 
Correlations have been noted between the patterns of response 
obtained from cell-based bioassays and whole-organism tests (Brandao et al., 
1992; Babich & Borenfreund, 1987d), although cell-based systems cannot 
hope to take account of all the interactions that occur between toxicants and 
specific target organs, or different sites of action within an organism. 
Additionally, the comparatively short exposures used in some cellular 
bioassays may not allow sufficient time for toxicity to manifest itself in some 
cases and the apparent lack of sensitivity of cytotoxicity assays when 
compared to whole organism tests has been well-documented (e.g. BoIs et al., 
1985; Lilius et ai., 1994). However, cell-based bioassays are still valuable 
tools in toxicity assessment in that they can be used as rapid screening tests, to 
give an indication of where severe acute toxicity may occur. Cell-based 
systems are more robust and easier to manipulate than whole organisms, 
although their simplicity makes them less relevant as indicators of the 
potential threats posed by toxicants to organisms in the field. 
In ecotoxicological testing, it is necessary to achieve a compromise, 
where rapid cytotoxicity assays could be targeted as screening tests for single, 
acute events and more complex tests are brought in to assess chronic pollution 
incidents. In the current study however, the lower sensitivity of biosensors 
compared to other cell-based assays was aconcem and longer toxicant 
exposure times were employed in an attempt to improve the sensitivity of the 
BF-2 biosensor assay. 
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Organism and BF-2 Biosensor BF-2 Neutral Red Hepatocyte P. phosphoreum Bluegill Sunfish Golden Orfe D. magna 
.30 min EC50 24 h ECso 3 h Rubidium Leakage I 5 min Microtox™ ECso 2 96 h LCso 48 h LC,o 7 24 h ECso I 
Toxicant 

chloride 4.2± 0.7 0.21 ±0.09 3.16 x 10-3 

0.09 ±0.02 0.04 ± O.ol 0.16 ± 0.05 0.3 x 10-3 3 
-
1.83 x 10-3 I (0.0 I ±0.003) x 10.3 
Potassium dichromate I 5.4 ± 1.0 0.08 ±0.03 - - - 1.00 
65±8 
- - -
(9 ±3) x 10-3 
0.06± 0.01 I 0.19 ± 0.06 I 0.004 0.9 x 10-3 • - (3.2 ± 0.3) x 10' 
0.06± 0.04 - 0.017 
-
Lindane J - I 0.21 ± 0.05 1.19 ± 0.11 0.020 0.2 x 10.3 , I - I 0.05 ±O.Ol 
Diuron 1.07±0.05 0.14 ± 0.07 0.071 37 6 0.20 8I I - I - I 
Table SA: Comparative data for toxicants tested with BF-2 biosensors and various other cytotoxicity and whole organism assays. All figures in mM. 

References: 1. LiUus eta!. (1994); 2. Kaiser & Palabrica (1991); 3. Bulich etal. (1981); 4. Samis etal. (1991); 5. Vittozzi & De Angelis (1991); 6. McCraren etal. (1969); 

7. Juhnke & LUdemann (1978); 8. Crosby & Tucker (1966). 
Shading indicates stimulation observed on addition of toxicant. 
• EC values estimated directly from the biosensor data. 
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5.2.3 Pre-exposure of BF-2 Biosensors to Toxicants 
The exposure time for biosensors was very brief when compared to 
other tests, both whole-organisms and cell-based techniques and it was hoped 
that the use of extended exposure periods could increase the sensitivity of the 
assay, so decreasing the calculated ECso values. However, this approach would 
obviously extend the time in which samples could be assessed, although it may 
be more beneficial to sacrifice the rapidity of the biosensor assay in order to 
gain sensitivity. 
BF -2 biosensors exposed to dichromate for a total of 2 h gave an EC50 
of 1.2 ± 0.3 mM (calculated using data obtained 30 min after mediator 
addition), compared to the 30 minute ECso of 5.4 ± 1.0 mM (Tables 5.2 & 5.5). 
Extended exposure times of 17 h led to considerable, significant inhibition of 
biosensor response when compared to control treatments (± S.E.; Table 5.5), 
although control biosensors also showed a much lower response, indicating a 
lowered metabolism, following a similar incubation time in PBS 
(supplemented with glucose) alone (Fig. 5.21). 
Toxicant Pre-exposure Time ECso 
Ih fmM /ppm 
Potassium 0 5.4 ± 1.0 1600 ± 300 
dichromate 2 1.2 ± 0.3 350 ± 90 
17 < 0.1 <29 
Penta- 0 0.06 ± 0.02· 16 ± 5" 
chlorophenol 17 <0.04 < 10 
Table 5.5: Summary ofEeS() (± S.B.) values for increasing exposures of BF-2 biosensors to 
potassium dichromate and pentachlorophenol. Eese ¥'alues were calculated directly, using 
data obtained 30 minutes following addition ofmeciilltor(O,05 mM DMBQ) to the vials; all 
sensors bathed in PBS + 25 mM glucose .• Stimulation of response observed on addition of 
toxicant. 
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The 17 h ECsos for both toxicants were lower than those estimated for 
30 minute biosensor exposures (section 5.2.1), showing that longer exposure 
times resulted in increased biosensor assay sensitivity. However, using 
extended exposure times meant that the assay was no longer a rapid screening 
test, and although it was still of a shorter duration than many other 
acute/chronic whole organism tests that use exposures of 24-96 h, biosensor 
sensitivity was still not comparable to that of Daphnia or whole fish 
(Table 5.4; section 5.2.2). 
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Figure 5.21: Mean response of BF-2 biosensors following .17 h exposure to penta­
chlorophenol: (.1) Treatment run at end of exposure; (+) Control run at end of exposure; 
(x) Control run at start of exposure. [PCP] /ppm = 10. Sensors bathed in PBS + 25 mM 
glucose; mediator (0.20 mM DMBQ) added at 300 s; n=6. 
5.2.4 Mathematical Modelling of Biosensor Data 
Another alternative approach was to utilise the copious amounts of data 
generated during the 30 minute biosensor exposure period with the hyperbolic 
model (section 3.1.2.3), so as to produce best fit values for the maximum 
apparent inhibition. This approach would not compromise the rapidity of the 
test. 
2400 3000 3600 
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Organism and BF-2 Biosensor BF-2 Biosensor 
Assay Type 30 min ECso Modelled Data EC50 
Toxicant ImM ImM 
Copper (II) chloride 4.2 ± 0.7 2.7 ± 0.8 
Mercuric chloride 0.09 ± 0.02 0.05 ± 0.01 
Potassium dichromate 5.4 ± 1.0 3.2 ± 0.5 
Pentachlorophenol 
3,5 
Table 5.6: Mathematically modelled BF-2 biosensor ECso data compared to direct BF-2 
biosensor ECso values (± S.E.). Shaded boxes signify stimulation of response observed on 
addition of toxicant. 
The sensitivity of the BF-2 biosensor test data was not significantly 
improved by the modelling procedure for any of the toxicants tested 
(Table 5.6). Additionally, in the case of S. capricornutum biosensors, the 
modelling technique only resulted in moderately lower ECso values than those 
achieved directly (section 4.4). This is in contrast to previous work done by 
the SCRG, using bacterial biosensors, where mathematical modelling of the 
biosensor data led to significant improvements in the sensitivity of biosensor 
toxicity data. The hyperbolic model is relatively simple and is geared towards 
extrapolation of the initial acute toxic response, occurring within the first 30 
minutes of toxicant exposure. Additionally, pre-exposure of BF-2 biosensor 
electrodes to PCP and dichromate resulted in greater inhibition than that 
calculated from 30 minute exposures using the model, which seems to suggest 
that additional mechanisms of toxic action are occurring during extended 
exposure periods. Therefore application of the model has limitations and it 
appears to be inappropriate for predicting 'time-independent' EC50 values from 
either algal or fish cell biosensors. 
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5.2.5 Summary of Toxicity Investigations 
Three different approaches were investigated with respect to the 
generation and calculation of biosensor ECso data, in an attempt to significantly 
increase the sensitivity of the assay, since reported whole-organism bioassay 
ECsos were much lower. The measurement of toxicity following a brief 30 
minute exposure period was both rapid and simple, not requiring significant 
data manipulation. However, this was the least sensitive approach and did not 
take into account the bulk of the biosensor data generated during the 30 minute 
electrochemical monitoring period. The decision to use a 30 minute exposure 
time was also arbitrary and it wa,s then shown that longer exposure times led to 
an increase in sensitivity, since the toxicants had more time in which to 
manifest their toxic effects. However, these results were still not comparable 
to those obtained from whole-organism bioassays and use of extended 
exposure periods compromised the rapidity of the test. 
Mathematical fitting of the biosensor responses to a hyperbolic model 
used all the data generated during the 30 minute exposure period, leading to 
the generation of best fit values of inhibition that would, in theory, increase the 
apparent sensitivity, therefore reducing the apparent EC so values. Previous 
work within the Sensor Group indicated that EC50 values calculated from 
biosensor data could be significantly reduced using this approach. However, 
although the rapidity of the test itself was not altered, more time was required 
to process the data through the model and ultimately, the sensitivity of the 
BF-2 biosensor toxicity data was not improved substantially. This possibly 
t 
indicated that a model based on a hyperbola was too simple an approach to use 
J in order to accurately model the response from eukaryotic cells, following 
toxic challenge. 
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6 	 Luminescent Reporter Genes as Tools in Toxicity 
Assessment 
6.1 Introduction 
Luminescent reporter genes were chosen for study due to their 
potential for exploitation in rapid toxicity assessment. The methods available 
to measure the intensity of the bioluminescent response of cells, such as a 
scintillation counter or luminometer, are sensitive and accurate (Holmes et at., 
1994; Burton et al., 1986). Additionally, these techniques can allow whole cell 
suspensions to be monitored non-destructively, enabling several measurements 
to be made of a sample over a period of time. Bioluminescence monitoring 
would be a less invasive technique than that of mediated arnperometry, since 
there would be no need for the use of potentially toxic mediators. 
Although some organisms exhibit a natural bioluminescence, the 
marine bacterium Photobacterium phosphoreum being a prime example, it is 
also possible to confer luminescent characteristics onto many other micro­
organisms and cell lines by cloning the genes responsible for luminescence 
into these cells. Such genetic modification increases the choice of 
bioluminescent cell types available, allowing more appropriate cell types to be 
used for certain applications. For example, P. phosphoreum is exploited in the 
MicrotoxTlol system for toxicity assessment, but has been criticised for being 
unrepresentative of the freshwater environment, being a marine bacterium; 
whereas toxicity assays based on bioluminescent eukaryotic cells (e.g. fish 
cells) may yield more relevant information concerning the susceptibility of 
higher organisms in the aquatic system. 
Most bioluminescent reporter systems involve the use of either gfp 
(green fluorescent protein), luc (eukaryotic luciferase) or lux (bacterial 
luciferase) genes and of these, gfp and luc were used for the transfonnation of 
BF-2 fish cells, since each of these genes could be exploited for slightly 
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different applications in toxicity assessment. Use of the eUkaryotic luc gene 
was preferable to the bacterial iux, since the eukaryotic luciferase enzyme is 
reported to be more energy efficient and to produce more light than the 
bacterial system (Koncz et ai., 1990; Lampinen et ai., 1992). The luc and gfjJ 
reporter systems differ from one another in that the luciferase reaction requires 
cellular energy in order to produce luminescence, whereas green fluorescent 
protein is independent of substrate and energy requirements and simply 
requires illumination with blue light to produces luminescence. Therefore, the 
luc reporter system could be used to give an indication of cellular metabolic 
status; whereas the gfp system, when linked to suitable promoters responsive 
to the presence of certain specific agents, would only give an indication of 
exposure to these agents, and not necessarily of toxicity. 
By linking the gfp gene to suitable promoters, such as those 
responsible for switching on cellular repair mechanisms following cell 
damage, or those responsive to certain classes of contaminant (e.g. metals, 
such as lead and cadmium), gfp-transformed cells could be triggered to 
produce luminescence only under these circumstances, so providing a measure 
of toxicity and/or exposure, depending on which promoters were used. To 
date, iux genes linked to metallothionein and heat shock promoters have been 
used to transform E. coli (Rouch et ai., 1995; Tescione & Belfort, 1993; Van 
Dyk et ai., 1994), although the use of gfp would be preferable since no 
substrate additons are required for luminescence to occur, making it a simpler 
approach than the luciferase-based system and ideal for the detection of such 
specific induction. 
The luminescent response produced by cells expressing luc DNA, in 
the form of the luciferase enzyme, requires the input of both endogenous 
energy and exogenous luciferin substrate. Hence if energy levels within a cell 
are low, the intensity of the luminescence produced would also be expected to 
be low. The luminesce,!-ce oftransfonned bacteria was observed to be strongly 
affected by metabolic changes (Sode et ai., 1992); additionally, Lee et ai. 
(1991) noted that the decrease in luminescence produced by transformed 
E. coli following toxicant exposure was probably attributable to inhibition of 
A TP formation or regeneration during cellular metabolism. Therefore 
measuring the intensity of luminescence could provide a useful indication of 
cellular metabolic status and so determine whether energy-producing pathways 
within the cell have become disrupted, following addition of a toxicant. The 
principle behind the luminescence assay is similar to that of the biosensor, 
with both approaches attempting to monitor cellular metabolic activity. 
In this work, the use of luminescent reporter genes in toxicity 
assessment depended on their successful incorporation into the BF-2 cell line. 
In order to achieve this, these genes had to be presented to the cell in a suitable 
'vehicle', i.e. within a plasmid circle of DNA (pcDNA), which could be taken 
up by the cell under suitable conditions. pcDNA constructs incorporating the 
gfp reporter gene were already available within the Biochemistry Department 
at the University of Stockholm, whereas construction of a plasmid containing 
the luc gene had to be undertaken since there were none suitable within the 
department. This plasmid construct had to include a suitably strong promoter 
that would ensure a high level of expression within eukaryotic cells following 
their successful transformation. 
There are many factors that can affect the success of the transformation 
procedure, including the constructs and cell lines chosen, the concentration of 
plasmid DNA used and the incubation time of the cells with the construct, as 
well as the method of transformation. Since the cell line had already been 
selected, the other factors had to be varied in order to achieve successful 
transformation. Unfortunately it was not possible to investigate fully the range 
of options available due to time constraints and therefore protocols were 
chosen on the basis of their past success with other cell lines within the 
department. 
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6.2 Assessment of Plasmid DNA Construction 
Four of the five constructs used (pcDNA-3-gfP, pcDNA NEO 
pom121 C ll , pcDNA NEO pom121 Cll +gfP, pcDNA NEO) had already been 
cloned at the University of Stockholm and could be used without further 
modification (section 3.3.3.2). Following the cloning of the new pel-Iuc 
construct, it was necessary to produce a larger batch of the plasmid for use in 
transformation of BF-2 cells. The construct was inserted into E. coli cells by 
electroporation and, since it also contained a region of DNA conferring 
resistance to ampicillin, the transformed bacteria were grown on ampicillin­
treated agar plates. Several colonies were subsequently identified on the plates, 
one of which was shown to be capable of producing a luminescent response on 
addition of luciferin. A large batch culture was grown using cells from this 
colony and luc plasmid DNA was isolated and purified from this culture. The 
absorbance of the resulting DNA sample was determined 
spectrophotometrically, at 260 nm, in order to determine the concentration of 
double-stranded DNA present. An absorbance of 0.143 corresponded to an 
approximate concentration of 700 Ilg luc plasmid DNA per ml of sample. 
In order to confirm that the cloning and subsequent purification of 
plasmid DNA had been performed successfully and had yielded the correct 
construct, an aliquot of the purified sample was digested with NotI restriction 
enzyme, since Not! restriction sites were present on either side of the luc DNA 
fragment within the pCI vector. The digested DNA was run on an agarose gel 
and revealed two bands, the lower of which corresponded to the luc DNA 
portion (approx. 1.8 kilobases when compared against the standard molecular 
weight markers); the larger of the two fragments, approximately 4 kilobases, 
corresponded to the pCI vector DNA. This indicated that the cloning and 
purification steps had achieved the desired construct and the DNA could then 
be used to transform BF-2oeUs. 
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6.3 Transformation of Eukaryotic Cells 
6.3.1 Calcium-Mediated Transfection ofBF-2 Cells 
This transformation method, which involved the formation of a DNA­
calcium phosphate precipitate that could be taken up by the cells, was used 
with the following constructs: pcDNA-3-gjp, pcDNA NEO poml21 C II , 
pcDNA NEO pom!2! Cll + gfp and pCI-luc. BF-2 cells transfected with 
pcDNA NEO pom12l Cl ! were clearly visible as intact cell layers on all sample 
slides when viewed in phase contrast under the microscope and appeared to be 
intact and healthy (Plate 1). Cell nuclei within these cells were observed as 
luminescent blue areas when viewed under a violet filter, due to HOECHST 
staining (Plate 4). Illumination with blue light (to show up FITC fluorophore 
staining) however, showed no green luminescence to be produced by any of 
the samples (prepared between 18-66 h post-transfection). The lack of FITC 
staining indicated that the foreign pore complex proteins were not present 
within the BF-2 cells and therefore that the transfection had either been 
unsuccessful, or that the foreign DNA was present in the cells, but was not 
being expressed into its protein form. However, the cells had also been stained 
with TRITC fluorophores that were targetted to endogenous pore complex 
proteins (poms) and on illumination by green light, these endogenous poms 
were visibly stained red, indicating that the antibody staining procedure at 
least had been successful. 
Both pcDNA NEO pomm Cll + gfp and pcDNA-3-gfp-transformed 
cells also produced no green luminescence when viewed under a blue filter 
(18-93 h post-transfection). Additionally, in the case of the pom-gbJ construct, 
TRITC antibody staining for the foreign pore complex was not visible. The 
GFP antibody staining was observed lmder a green filter and appeared 
relatively unspecific, with the wholeceU layer showing up as a general red 
area (Plate 5). It appeared that cells and background debris all picked up the 
stain to some degree and due to this high' background response it was not 
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possible to determine the presence of the green fluorescent protein with any 
certainty. 
BF-2 cells had also been transfected by the calcium phosphate method 
with pCI-luc DNA, although none of the samples responded to additions of 
luciferin substrate (24-93 h post-transfection). Luminometer readings showed 
only background levels of approximately 200-300 photons per second in all 
samples and controls tested. 
Tha lack of observed luminescence indicates either that the DNA had 
not been taken into the cells at all, or that the cells had been successfully 
transformed, but the DNA had not been subsequently expressed. Stable 
transformation of many fibroblastic and epithelial cell lines has been achieved 
using the calcium phosphate method of transfection, with efficiencies of 
10-50 % being observed (Chen & Okayama, 1987). A range of fish cell lines, 
including those derived from ca.rp and goldfish, have also been transformed 
using this method (Araki et al., 1991; Isa & Shima, 1987; Helmrich et al., 
1989). These studies suggest that it should be possible to successfully transfect 
BF-2 cells using the calcium phosphate method, but in the work reported here 
there was insufficient time for all the influencing factors to be investigated 
fully and optimised. These factors included the DNA concentration, the 
incubation time of cells with the CaP-DNA complex and the pH of the buffer 
used during the incubation, all of which have been found to influence the 
success and efficiency of the transfection (Chen & Okayama, 1987; Araki et 
al., 1991). The research group at Stockholm University have routinely used the 
calcium phosphate method for transfection of mammalian cell lines with porn 
and gfp plasmid constructs, achieving successful expression of both genes 
after approximately 48 h, although they found a greater transformation 
efficiency when using cationic lipids, such as the Lipofectamine™ reagent 
(Einar Hallberg, personal communication). Therefore this method was 
investigated both with BF-2 and COS-7 (section 3.3.3.1) cells, the latter 
having been successfully transformed many times at Stockholm University. 
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6.3.2 	 Lipid-Mediated DNA Transfer (Lipofection) in BF-2 and COS-7 
Cells 
Following slide preparation, intact, healthy layers of both cell types 
were clearly visible on all slides when viewed in phase contrast (Plates 1 & 2). 
Healthy cell nuclei were again observed as luminescent blue areas when 
viewed under a violet filter, due to HOECHST staining (Plates 3 & 4). BF-2 
cells tranformed with the pcDNA NEO pom121 CII + gfp or pcDNA-3-gjp 
constructs showed no luminescence in response to illumination with blue light 
when sampled 24-93 h after lipofection; in addition, no antibody fluorescence 
was observed from BF-2 samples in the case of the porn construct. 
BF-2 cells transformed with peI-luc DNA were harvested from the 
petri-dishes and assayed for luciferase enzyme activity. On addition of 
luciferin substrate, samples showed a response above background 48 h post­
lipofection (approximately 1000 photons per second compared to a 
background count of approximately 200). At 72 h post-transfection, these 
cells showed a luminometer reading of 7000 photons per second (background 
= approximately 200), decreasing to approximately 3500-4000 photons per 
second after some 5 minutes. The BF-2 luminescent response to luciferin 
addition increased with increasing time after lipofection, indicating an increase 
in luc gene expression. Bearzotti et al. (1992) also found that expression of the 
cat reporter gene (encoding for chloramphenicol acetyltransferase) in EPC fish 
cells increased with time and was highest some 3-6 days post-transformation. 
The increase in expression after a couple of days is not uncommon and can be 
attributed to an increase in the number of plasmid copies within the cell due to 
the action of the SV40 replication virus present in the plasmid construct. 
Although the transformation procedure was successful, it would 
require careful optimisation in order to maximise the number of transformants 
produced. Additionally, the transformed cells would need to be cultured 
further to produce a stably transfol'D.'led ceU line that could be used for toxicity 
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assessments without having to perfom1 the time-consuming transformation 
procedure each time. Unfortunately, the pCI-luc construct contained no 
resistance factors that could provide a method for applying selection pressure 
in favour of transformed cells, meaning that the luminescent characteristics of 
the cell line could easily be lost during successive passages, due to dilution of 
the cell population by non-transformed cells. 
COS-7 cells transformed with pcDNA NEO poml2\ Cll + gfp were 
stained successfully with TRITC antibodies, identifying the presence of 
foreign nuclear pore complex proteins within these cells (the antibody staining 
was seen as red patches, with yellow dots corresponding to areas of 
particularly high intensity; Plate 6). The TRITC staining was much more 
specific than the GFP antibodies, with very little background response (Plates 
5 & 6). When viewed under blue light, these same slides also showed that the 
cells had also successfully expressed the gfp part of the introduced plasmid 
DNA, with luminescence being observed in a good proportion of the cells as 
bright green dots or patches (Plates 7-9). COS-7 cells tranformed with 
pcDNA-3-gfp also showed expression of the gfp protein when viewed under 
blue light, but the intensity appeared to be less than that observed with the 
pcDNA NEO poml2l CII + gfp construct (plate 10). This was because the 
porn + gfp construct contained a mutant variety of the gfp gene, capable of 
producing luminescence approximately 35 times more intense than that 
obtained using the wild type gfp, which was present in the pcDNA-3-gfp 
construct. Additionally, the porn DNA, coding for a nudear membrane pore 
complex, was expressed within the nuclear membrane of the COS-7 cells, 
resulting in the concomitant, localised expression of gfp DNA in this part of 
the cell. However, COS-7 cells transformed with pcDNA-3-gfp expressed gfp 
throughout the cytoplasm and nll,c1eoplasm, resulting in a more diffuse 
luminescence being observed. 
There could be a number of reasOns why the expression of gfp eDNA 
was not detected in BF-2 cells, although it seems unlikely that the problem lies 
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with the transformation procedure since the same methodology was used to 
successfully transform BF-2s with luc cDNA and COS-7 cells with gfp eDNA. 
However, even on a basic procedural level, it has been noted that certain 
chemicals in the nail polish used to seal cover slips onto slides can interfere 
with GFP fluorescence in some species, as in the case of the nematode 
Caenorhabditis elegans (Chalfie et al., 1994). 
GFP has been shown to be active in both prokaryotes and eukaryotes, 
with high levels of expression occurring in mammalian cells where GFP­
positive cells represented a subset (10-30 %) of the total (Rizzuto et al., 1995), 
as was observed in COS-7 slide preparations. A lag phase of over 15 h before 
detection of the protein was possible has been reported in mammalian cells 
(Pines, 1995), probably due to the time taken for the formation of the 
fluorescent chromophore. It is possible that this lag phase is much longer in 
fish cells since they are transfected at a lower temperature than most 
mammalian cultures (25°C as opposed to 37 °C), although samples were 
prepared and viewed 24-93 h after lipofection and it is unlikely that the lag 
phase would be this long. 
Chalfie et al. (1994) noted that the expreSSlon of gfp cDNA in 
mammalian cells was variable in some cases, suggesting that either the 
expression itself, or formation of the fluorophore may be critical steps for the 
use of gfp as a probe. Prasher (1995) identified the primary obstacle to the use 
of gfp as a reporter gene as being the generation of the chromophore in vivo 
and proper folding of the polypeptide in order to produce a fluorescent gene ~ 
I 
product. Therefore, it is possible that the GFP protein folded incorrectly within 
the BF-2 cells, giving rise to a non-functional chromophore. Additionally, it 
has also been shown that GFP can be temperature sensitive (Pines, 1995), 
which may have contributed to the non-detection of the protein in fish cells. 
On a more fundamental level, gjp gene expression in plant cells was inhibited 
due to aberrant splicing of the gene (Haseloff & Amos, 1995) and it is also 
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possible that incorrect processing of RNA may have interferred with the 
expression ofgjjJ in BF-2 cells. 
6.3.3 Electroporation of BF-2 Cells 
Due to time constraints it was not possible to investigate all the factors 
that would contribute to the success of the electroporation and the procedure 
used was simply based on that used by another research group (Sekkali et al., 
1994), who used this method of transformation with EPe cells. 
Electroporation is a fairly disruptive technique since the principle involves 
application of a high voltage pulse to the cells with the consequent formation 
of pores in the cell membrane through which the plasmid DNA can enter. This 
technique has been used successfully and routinely for the transformation of 
E. coli, as previously mentioned (section 6.2), since these cells are fairly 
robust and can successfully recover from the procedure. An examination of 
BF-2 cells following electroporation under an inverted microscope however, 
showed that most of the cells were severely damaged and did not survive the 
procedure. This resulted in a very low density of viable cells being seeded in 
the petri-dishes « 1 %), even after allowing time for recovery and further 
growth following the electroporation, As expected, the slides subsequently 
prepared from these cells failed to yield any luminescent response due to GFP 
or the introduced pore complexes. 
Electroporation has been used to transform EPe fish cells (Araki et ai., 
1991), with a similar efficiency to that observed with mammalian cells (Potter 
et ai., 1984) and clearly optimisation of the procedure could be undertaken in 
the case of BF-2 cells, with factors such as the voltage and number of 
electrical pulses used being investigated. 
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6.4 Toxicity of 4-Chlorophenol to luc-Transformed BF-2 Cells 
BF-2 cells transformed with pCI-luc DNA, usmg the lipofection 
technique, showed a higher luminescent response than untransformed cells, 
when assayed for luciferase enzyme activity with luciferin substrate. Luc­
transformed cells exposed to 4-chlorophenol (4-CP) produced a lower 
luminescent response than unexposed luc-transformed cells and higher 
concentrations of 4-CP appeared to depress the luminescent response to a 
greater extent, as did a longer toxicant exposure time (30 min as opposed to 
5 min; Table 6.1). 
5 Minute Exposure 30 Minute Exposure 
[ 4-Chlorophenol] Luminescence Inhibition Luminescence Inhibition , I 
\'1 
Ippm 1% 1% 
JI 
O· 127 ± 1" - 107± 14" ­ II 
, 
il0 975 ± 330 0 ± 33 901 ± 310 0 ± 34 kIi 
5 900 ± 50 8 ± 3 544 ± 5 40 ± 14 ~I 
!i 
50 735 ± 140 25 ± 13 327 ± 16 64 ± 25 
500 635 ± 60 35 ± 15 310 ± 16 66 ± 26 
Table 6.1: Luminescence produced by luc-transformed BF-2 cells following exposure to 
increasing 4-chlorophenol concentrations for either 5 or 30 minutes (± SE). Uncertainty 
surrounding the inhibition values was calculated by summing the fractional uncertainty of the 
control with that of each treatment. n =2. • Untransformed cells. 
However, the variation in control (0 ppm) responses was high and it 
was only possible to run two replicates for each exposure time, since the 
protocol used for the experiment required large quantities of both 
Lipofectarnine™ and plasmid DNA. A statistical analysis of the data from all 
five treatments (luminescent responses from untransformed cells, unexposed 
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transformed controls and 4-CP-exposed transformed cells), for either 5 or 30 
minute exposures, gave no evidence to support that there were any significant 
differences between these treatments (ANOVA; 95 % confidence; Appendix 
lVc). When the analysis was repeated, however, with the exclusion of the 
highly variable control data, there appeared to be significant differences 
between the four remaining treatments (luminescent responses from 
untransformed cells and 4-CP-exposed transformed cells), for both exposure 
times (ANOVA; 95 % confidence; Appendix lVc). Further analysis, using 
Student's t-test, identified a signi.ficant difference between the luminescent 
responses of un transformed cells and transformed cells exposed to 5 ppm 4-CP 
for 5 min, and between responses of untransforrned cells and transformed cells 
exposed to all concentrations of 4-CP for 30 min (Appendix lVe). 
80 
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Figure 6.1: Inhibition of luc-transfonned BF-2 cells following exposure to increasing 
concentrations of4-chlorophenol. Exposure time fmin: (x) 5; (~) 30. 
The 30 minute EC5{) value calculated from the 4-chlorophenol toxicity 
data (Fig. 6.1) was compared to values obtained using other measures of 
toxicity, incorporating different cell types and organisms (Table 6.2). 
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Results reported in the literature show that 'classical' whole fish 
lethality assays with 4-chlorophenol gave responses that were more than an 
order of magnitude more sensitive than those achieved. with cellular toxicity 
assays (neutral red retention with BF-2s; cell detachment with R}). The higher 
sensitivity of whole organism assays was also noted in the preceeding chapter 
and may be explained by the fact that there are many possible routes of 
exposure (e.g. for aquatic organisms, exposure can occur orally, through the 
gills or outer epithelium) and sites of action (e.g. kidneys, liver, respiratory or 
nervous system) for a toxicant in an organism, with some chemicals 
preferentially targetting certain organs and possibly accumulating in these, 
causing serious disruption to their function. The sites of action available to 
toxicants within individual cells grown in culture are more fundamental, with 
respiratory inhibitors and membrane disruptors probably exerting the most 
easily and rapidly d.etected effects. 
Cell Line/Organism Assay Description ECso or LC50 Ref. 
/ppm 
BF-2 fibroblasts Luminescence 10 ± 1 this 
(luc-transformed) 30 min exposure work 
BF-2 fibroblasts Neutral red 210 1 
24 h exposure 
Bluegill sunfish Lethality 4 2 
24 h exposure 
R} fibroblasts Cell detachment assay 170 3 
(rainbow trout-derived) 24 h exposure 
Rainbow trout Lethality 1.9 4 
96 h exposure 
Table 6.2: Comparison of ECso and LCso data for 4-chlorophenol from different toxicity 

measurement techniques, incorporating a variety of cell lines and organisms. 

References: I) Babich & Borenfreund (l987d); 2) Buccafuscoet al. (1981); 3) Segner & Lenz 

(1993); 4) BoIs et al. (1985). 
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However, the toxicant still has to be 'available' to the cell in order to 
exert an effect and one study noted that chloramphenicol was not able to 
significantly inhibit the luminescent output of E. coli cells, due to its inability 
to cross the bacterial membrane (Lee et al., 1991). This study again indicates 
that cell-based toxicity assays have certain limitations and that it is important 
to be aware of these when targetting the assay to a particular application. In 
vitro systems can never mimic the complexity of the whole organism, 
although they can be used as simple screening tools in the first stages of 
toxicity assessment and can provide information concerning the mechanisms 
of action of toxicants. 
The results obtained from luc-transfonned BF-2 cells were promising 
in that they were of the same order of magnitude as those reported for whole 
fish toxicity tests. Although it is difficult to make substantive statements 
regarding this luc-BF-2 assay, since the number of replicates was very low and 
only one toxicant was investigated, the results suggest that this approach has a 
comparable sensitivity to whole fish tests and warrants further investigation. 
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7 Discussion 
7.1 A Reiteration of Aims 
The overall aim of the project was to develop biological sensing 
devices, incorporating eukaryotic cells, for use as rapid screening tools in 
toxicity assessment. These investigations were centred primarily on the use of 
the green alga, Selenastrum capricornutum, and BF-2 fish cells as the 
biocatalytic components of biosensors, with the current produced by the 
biosensors giving an indication of the metabolic status of the cells and hence 
their health. Algae have been used previously as biosensor biocatalysts 
(e.g. Noack et al., 1989; Pandard et al., 1993), however, the pairing of fish 
cells to sensor electrodes was novel. Additional research also involved the 
genetic modification of BF-2 cells with luminescent reporter genes, in order to 
develop an alternative cell-based biosensing method of pollutant detection. 
The production of light from the luminescent reaction occurring within 
transformed cells was subject to intracellular energy levels, hence decreased 
light output could indicate metabolic inhibition and toxicity. 
These areas of work were concluded with varying degrees of success 
and are discussed separately below. In addition, a number of important, more 
general observations are worthy of further discussion, including the following: 
f batch uniformity of biosensor electrodes 
• 
mediator toxicity to the biocatalyst 
exposure time to toxicants and method of ECso calculation
•I • sensitivity of these cell-based techniques to toxicants
• 
the role of cell-based bioassays in toxicity assessment 
• 
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7.2 	 Biosensors Incorporating Selenastrum capr;cornutum for 
Toxicity Assessment 
The green alga Selenastrum capricornutum is currently in widespread 
use for toxicity testing, and was chosen for initial investigations for this 
reason. A set of criteria were identified as standard for the operation of 
biosensors incorporating this organism (Table 7.1). 
Criteria Strategy 
Age of culture 216-264 h; OD663 = 1.0-1.3 
Bathing media BG-ll growth media; ionic strength 
increased with 65.5 mM KCI stock 
Buffering regime 25 mM phosphate (PH = 7.4) 
Mediator regime 0.5 mM p-benzoquinone 
Table 7.1: Summary of standardised criteria for the operation of S. capricornutum 
biosensors. 
Subsequent toxicity investigations with these biosensors showed that 
their sensitivity both to the herbicide diuron and to pentachlorophenol was 
good compared to that of other standard tests (section 4.4, Table 4.1). Pandard 
et al. (1993) also noted that a redox-mediated system incorporating 
Selenastrum showed good sensitivity to herbicidal compounds, although it was 
completely insensitive to copper (Cu2\ 5 mg 1'1) and mercury (Hg2+; 2 mg 1'1), 
both of which are known to inhibit photosynthesis, over the course of a 1 hour 
monitoring period. However, they found that an oxygen electrode system, 
incorporating Selenastrum, was inhibited by both metals, with a concentration 
of 1.5 mg 1'1 of Cu2+ and Hg2+ producing 70 and 80 % inhibition respectively, 
although extended exposure periods of 3-9 h were required to produce this 
inhibition. In the work reported here (section 4.5.2, Fig. 4.16), Hg2~ (3.5 mg 1'1; 
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13 flM) was shown to inhibit S. capricornutum biosensors within a 1 hour 
period suggesting that, unlike the mediated system reported in this work, both 
the sensor systems described by Pandard et al. had some interfering 
constituents within the bathing media of the sensors that rendered the metals 
unavailable to the biocatalyst. 
The current algal growth inhibition assay (OEeD, 1984) proved to 
have a similar sensitivity compared to the biosensor in the cases of both 
toxicants tested (Table 4.1), although the test duration, at 72 h, was much 
longer. The rapidity and relative cheapness of the biosensor technique, coupled 
to an ecologically relevant organism such as S. capricornutum, makes this an 
attractive prospect as a potential screening tool in toxicity assessment. 
However, a comprehensive list of toxicants would need to be evaluated with 
the biosensor and this data then correlated with algal growth inhibition data, in 
order to fully understand the spectrum of response and capabilities of this algal 
biosensor. 
Further development of the algal biosensor assay would also involve 
improvement of the illumination system, perhaps with the introduction of 
individual light sources for each sample. The use of circular light sources 
around each stirred pot would ensure a good photosynthetic response that was 
independent of the electrode orientation. Additionally, any subsequent 
development and commercialisation of the algal biosensor assay would require 
the provision of biosensor electrodes, with the immobilised biocatalyst, in a 
suitable form. Bacterial biosensor electrodes have been lyophilised (freeze­
dried) by the SeRG, resulting in a reasonable shelf life, with electrodes being 
resuscitated simply by addition of saline solution. This is not a feasible 
approach for algal electrodes, since the photosynthetic apparatus of the algae 
become severely damaged during the drying process, consequently resulting in 
very low viabilities for resuscitated cultures (McGrath et al., 1978). However, 
step-wise controlled cooling and low-temperature storage in liquid nitrogen 
were shown to be valid approaches, resulting in good survival of both 
169 
S. capricornutum cell suspensions and immobilised cells (section 4.5). The 
step-wise, slow initial cooling was necessary to prevent ice crystals forming 
within the algae and hence prevent damage to cellular organelles (Mazur, 
1970), although some algal strains, including Chlorella protothecoides, have 
been reported as being able to survive direct plunging into liquid nitrogen, 
without prior need of controlled cooling (Day et al., 1997). Use of these other 
strains as opposed to Selenastrum could decrease the preparation time and cost 
involved in the production of cryopreserved biosensors, although 
developmental work would again be required in order to produce a suitable 
biosensor protocol for each strain chosen. 
7.3 Fish Cell Biosensors For Toxicity Assessment 
Fish cells were chosen for subsequent study as it was thought that the 
exploitation of these eukaryotic cells could give a good indication of the 
susceptibility of more complex aquatic organisms to pollutants. The novel 
combination of fish cells and biosensor electrode was successful, with the 
work reported here demonstrating it was possible to immobilise and monitor 
the metabolic status of these cells, which were comparatively much less robust 
than any used previously by the SeRGo Again, a set of criteria were identified 
as optimal for the operation of fish cell biosensors and their use in toxicity 
assessments (Table 7.2). 
Criteria Optimum Strategy 
Bathing media for sensors Phosphate-buffered saline (PBS); 
supplemented with 25 roM glucose 
Loading density (3 - 8) x 107 cells per ml ofsuspension 
Mediator 0.05 mM 2,6-dimethylbenzoquinone 
Table 7.2: Summary of standardised criteria for the oper(itionofBF-2 fish cell biosensors. 
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However, although exposure to a range of toxicants demonstrated that 
... 
the sensitivity of BF-2 biosensors was comparable to that of other cell-based 
toxicity assays, it was much lower than that of standard whole organism tests, 
even following the application of mathematical modelling techniques in an 
attempt to enhance this sensitivity (section 5.2; Tables 5.4 & 5.6). The issues 
concerning the modelling approach and assay sensitivity will be discussed 
further in section 7.5. 
7.4 	 Luminescent Reporter Genes as Tools in Toxicity 
Assessment 
The transformation of BF-2 fish cells with luminescent reporter genes 
was done in an attempt to produce a more sensitive cell-based biosensing 
system than the redox-mediated biosensor. The light emitted as a result of the 
luminescent reaction is a product of the electron transport chain and therefore 
reflects the metabolic rate and status of the cell. The inhibition of any number 
of enzymes and process involved in the overall scheme of energy production 
can alter the cells' metabolic rate and Bulich et al. (1981) commented, with 
respect to the Microtoxnt system, that many diverse mechanisms of action were 
accommodated - all of which could affect a single, vital cell function, therefore 
making the system suited to correlation studies with whole organisms. This 
statement is equally applicable to biosensors, since they are concerned with the 
measurement of metabolic status within the cell, although the sensitivities 
achieved, especially with fish cell biosensors, were rather low. The biosensor 
system relied on efficient transfer of electrons from inside the cell to the 
electrode surface by mediators in order for cell metabolism to be assessed, 
whereas the luminescent reaction did not require the transport of any such 
components for detection to occur and hence was a more direct method of 
assessment, employing very sensitive techniques for the measurement of light 
intensity (e.g. scintillation counter or luminometer). Further development of 
this luminescent bioassay could move towards the incorporation of biosensor 
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technology to produce a biosensing device, with transformed cells 
immobilised on the end of a light guide, or fibre optic cable. This system could 
then operate as a 'dip-stick' type of device and could be made portable for use 
in field applications. 
Since the luc-transformed BF-2 cells were only exposed to one 
compound (4-chlorophenol), it was not possible to accurately assess the 
sensitivity of the assay in general and a comprehensive toxicity testing 
programme would be required in order to do so. However, the transformation 
procedure is both time-consuming and relatively expensive, so it would be 
I 
, attractive to develop a stably transformed cell line, where luminescent 
I 
t characteristics would be transferred to successive generations. During the transformation procedure, foreign DNA enters host cells, but only a small 
amount is transferred to the nucleus, where a proportion of this may be i• transiently expressed for a few days. Transient expression of exogenous genes 
I usually occurs for 1-3 days, after which the cells are usually lysed and the gene 
,'_if 
products analysed. The object of transient transfection is to obtain a burst in 
,,' the expression of the transferred gene for a short time. Stable transformations ·.·'·.~.···.··I·
.. 
however, occur when introduced genes become stably integrated into 
.. 
, 
chromosomes of host cells. The integrated DNA can then replicate efficiently 
;) 
·.······"'·'··· 
I.· 
, i and is maintained during cell division, resulting in a genetically stable
,,;tIl.··.'*.·.··.• 
transformed cell line, where gene expression can be analysed from successive iI 
i generations. l 
In order to ensure that the introduced gene is integrated and maintained i 
within the chromosome, an expression vector with a strong promoter (ensuring 
a high level of expression of the foreign protein) and an appropriate drug 
resistance gene, such as the bacterial neo gene, providing resistance against 
geneticin (Araki et al., 1991), are required. Generally, transformed cells 
would be maintained for 24-30 h in medium without antibiotics to allow the 
expression of the resistance marker. Subsequently cells would be sub-cultured 
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in selective medium containing antibiotics for 2-4 weeks, in order to select for 
transformed clones, which could then be isolated and cultured further. 
7.5 Further Points for Discussion 
7.5.1 Batch Uniformity of Biosensor Electrodes 
r.\,~.,'·,i
'x, 
4" 
One of the major difficulties involved in the production of biosensors ~,,',;,.j'.'~ 
IS associated with loading consistent cell densities for each sensor and 1 
consequently, in achieving both intra- and inter- batch uniformity. Although ~,',.,.t~ 
both preparation of cells and the loading procedures were standardised as 
, 
much as possible, the lack of batch uniformity was observed for algal and fish i 
sensors, exemplified by plots of mean current against time, with associated 
·,·1 
I 
error bars sometimes showing substantial variation between the replicates of 
one treatment (e.g. Fig. 4.3 for algal sensors; Fig. 5.17 for fish cell sensors). 
However, this variation between replicates was not viewed as a 
problem, for a number of reasons: 
1. 	The pattern of each response profile in many cases was observed to be the 
same for replicates within a treatment, although the absolute currents may 
have been spread over a wide range, indicating that the behaviour of the 
sensors was the same over a range of immobilised cell densities (which was 
shown to be the case for BF-2 biosensors; section 5.1.4). 
2. The absolute difference between current responses from replicate treatments 
could be mitigated somewhat by data handling procedures, 
i. e. normalisation at the point of maximum sensor response, or mediator! 
toxicant addition, which resulted in a common reference!starting point for 
all the responses. 
3. 	For toxicity assessments, the percentage changes in the response of 
treatments, compared to controls, were used, rather than absolute currents, 
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meaning that if subsequent runs utilised a more heavily-loaded batch of 
sensors, it should not affect the percentage inhibition produced by the same 
concentrations of toxicant (section 5.1.4.2). 
Much of the loading difference could probably be attributed to operator 
'error', perhaps in not mixing or re-suspending the cells at each relevant stage 
so as to give a uniform suspension, resulting in clumps of cells that might lead 
to higher mediated currents from these sensors. Although it would be desirable 
to further minimise the variation within and between batches of sensors, the 
work here has shown that meaningful toxicity data can still be obtained from 
biosensors under these non-ideal conditions (Tables 4.1 and 5.2). 
7.5.2 Mediator Interaction with the Biocatalyst 
One of the drawbacks of exploiting eukaryotic cells in biosensors is 
that, in order to monitor their photosynthetic or respiratory activity, 
membrane-penetrating mediators are needed to access these reactions and 
hence generate a response. The oxidised form of the mediator enters the cell, 
receives one or more electrons from some internal metabolic event and 
becomes reduced (the mediator may also become protonated in the process; 
Fig 7.1). 
BF-2BF-2 
Figure 7.1: Step-wise reduction of 2,6-dimethylbenzoquinone, via the semi-quinone 
intermediate, to 2,6-dimethylhydroquinone. by BF-2 fish ceJ1s. 
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graphite, +550 mV 
Figure 7.2: Re-oxidation of 2,6-dimethylhydroquinone to 2,6-dimethylbenzoquinone at 
graphite working electrode. 
The reduced mediator species then moves out of the cell and gives up 
the electrons at the surface of the working electrode, held in close proximity to 
the cells (Fig. 7.2). The diversion of electrons from intracellular metabolism 
perturbs the cellular metabolism, with the cell having to work harder in order 
to maintain itself at the same energy level, since some of its energy is used to 
generate the sensor signal, via the action of the mediator. 
The mediator investigations reported here showed that higher 
concentrations of the quinone mediators led to an initially high current, which 
could not be sustained by the cell for any length oftime (Figs. 4.8b, 4.9b, 5.8b 
and 5.9b). The detrimental effects of these mediators, also observed by other 
researchers (e.g. Pandard et al., 1993; Rawson et al., 1987), necessitated the 
use of relatively low concentrations over short periods oftime in order that the 
sensor response did not deteriorate appreciably during the monitoring period, 
and since the biosensor technique was to be a rapid assessment system, it was 
necessary to keep test durations short. 
The mediator regimes finally chosen for each cell system. generally 
resulted in sensor responses of reasonable magnitude and stability, although 
some deterioration of the current was noted during the course of monitoring 
(e.g. Figs. 4.10 and 5.17). The decrease in response ofbiosensors due to the 
mediator was taken into account during toxicity tests by comparing toxicant­
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exposed electrodes with the current produced by control sensors at the relevant 
time point, enabling the inhibition due to the toxicant to be assessed. 
7.5.3 Toxicant Exposure Time and ECso Calculation 
The duration of toxicant exposure can strongly influence the degree to 
which an organism/cell is affected by the compound in question, and hence the 
sensitivity of the assay as a whole. The exposure time for the biosensor assay 
was arbitrarily chosen to be 30 minutes, which allowed time for the 
manifestation of toxic effects and fitted comfortably into the 1 h monitoring 
window of the biosensor software (e.g. Fig. 5.17), also allowing enough time 
at the start for the attainment of a good, steady starting current prior to toxicant 
addition. Overly long exposures were not favoured as the emphasis was on 
rapid testing, so although extended exposure periods seemed to increase 
biosensor sensitivity (Fig. 5.2.3), they were not practical. 
The dose-response relationship is central in ecotoxicology and the 
response to a toxicant is generally expressed as a proportion, e.g. percentage 
mortality or growth inhibition, with the 50 % level being used in most 
assessments, termed the EC50 value. Two methods were used to calculate the 
inhibition values in the work reported here, one of which involved estimation 
directly from the decrease in signal after 30 minutes of toxicant exposure. This 
method was quick and simple, although, in the case of BF-2 biosensors, the 
toxicity data generated was far less sensitive than that obtained from other 
ecotoxicological tests. The second method involved mathematical fitting of 
biosensor data to a hyperbolic model, to give a 'best-fit' inhibition value from 
the whole data set. This attempted to address the problem of choosing an 
arbitrary exposure time and the observation that longer exposures often led to 
more sensitive EC values. 
Some improvement was made to the sensitivity of algal biosensor EC50 
v: llues using the model, although little or no change was seen for BF-2 toxicity 
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data (Tables 4.1 & 5.6). This would seem to suggest that either this model is 
inadequate for predicting chronic inhibition of eukaryotic cell biosensors, or 
that, especially in the case of fish cells, the maximum degree of inhibition 
possible for this cell system, for a particular toxicant at a particular 
concentration, occurs within the 30 minute window used for the direct ECso 
calculations. This in turn underlines the inherent insensitivity of the fish cell 
biosensor assay, compared to that achieved in whole fish tests, which has also 
been noted for other fish cell-based assays utilising a variety of endpoints 
(Tothill & Turner, 1996). 
7.5.4 	 Sensitivity of Cell-Based Bioassay Techniques and Their Role in 
Toxicity Assessment 
Regulatory agencies are under increasing pressure to ensure adequate 
prediction of pollutant impact on the ecosystem and therefore need to adopt an 
integrated approach to toxicity assessment. In the US, this assessment involves 
the following three components (EPA, 1991): 
1. substance-specific control (chemical specific) 
2. direct toxicity assessment (whole sample testing) 
3. biological assessment (surveys, bioconcentration/bioaccumulation studies) 
This is seen as a successful method of addressing the issues of 
environmental protection and a similar approach is being considered by the 
Environmental Agency in the UK. The successful implementation of toxicity­
based consents and direct toxicity assessment of discharges will rely much on 
the choice of organisms and endpoints used in the bioassays finally adopted 
for the monitoring of these discharges. 
The determination of toxicant effects on the environment relies on 
standardised laboratory.,..based bio.assays and the subsequent extrapolation of 
these results to predict effects on the ecosystem. This simple approach is 
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generally seen as inadequate due to the diversity of the ecosystem and the use 
of multi-species tests would perhaps be a move towards achieving the ideal. 
However, their complexity makes them difficult to work with and replicate 
adequately, moreover it is dangerous to assume that one complex system will 
behave like another in the natural world and so the use ofmesocosms may, in 
some instances, be worthless. Most predictive bioassays are therefore single­
species acute lethality tests (Maltby & Calow, 1989), and are generally 
preferred on the grounds of ease and cost. Nevertheless it must be borne in 
mind that the mechanism of chronic toxicity often differs from that produced 
during acute exposures, and therefore the chronic assessment of toxicity must 
also be taken into account, since many chemicals can remain present in 
ecosystems at low concentrations for long periods of time. 
Ecotoxicological tests should be sensitive, relevant, easy to lmderstand, 
economical with respect to time and cost, and above all should provide 
decisive, reproducible results. The duration and cost of traditional tests often 
limits their applicability to effluent monitoring, although recent developments 
in abbreviated acute and chronic tests, together with simple and rapid 
screening tests has allowed more flexibility in the design of sampling 
programmes, incorporating a range of different tests. It can be difficult to 
define which species are the most important in an ecosystem in terms of 
function and the test organisms used for predictive testing are usually chosen 
on the basis of sensitivity or relevance, or both. However, the effects of 
chemicals on a particular group of organisms does not guarantee that the same 
chemical will affect different organisms in the same way, again emphasising 
the difficulties involved in relating the results of laboratory-based bioassays to 
actual ecological impacts. The best approach is one that compares the 
sensitivities of different species at various levels, involving the observation of 
effects at molecular, cellular and whoie-organism levels. There is no ideal 
assay and the choice depends on the objectives of the research project and on 
the performance and limits ofeach assay. 
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It can be said that since many organisms are fundamentally similar at 
the molecular and cellular level, their response to toxicants will be fairly 
general and it is at these basic levels where primary toxic effects will be 
observed. Cytotoxicity is the manifestation of adverse effects on structural or 
functional properties of one or more cell components and it has been suggested 
that many chemicals exert their toxic effects either by interfering with cellular 
structures or functions, common to all tissues (basal cytotoxicity), or by 
affecting tissue-specific cell structures or functions (tissue-specific 
cytotoxicity). Ekwall (1983) proposed the use of cell cultures for detection of 
'basal' cytotoxicity, stating that for most chemicals, toxicity was a 
consequence of non-specific alterations in cellular functions leading to effects 
on organ-specific functions. 
However, it has been shown by the work reported here and elsewhere 
(e.g. Lilius et al., 1994; BoIs et al., 1985) that whole organism bioassays 
exhibit a greater sensitivity than cell-based systems. As tests become simpler, 
they are easier to control and the test times are reduced, however, in vitro 
cultures are made up of cells that are functionally remote from their tissues of 
origin as they exist in vivo, and as ecological processes involve individuals and 
groups, the relevance of these simple tests can be brought into question. If 
organ-specific toxicity is important and the relevant in vivo target is not 
present within the cell type used in vitro, the correlation between whole 
organism toxicity data and that from the cell-based bioassay will be low. It has 
been suggested that the lack of correlation sometimes observed between whole 
organisms and cell-based systems may be due to the inability of the in vitro 
test to model the in vivo metabolic activation that is required in some ~ 
compounds before they exert their toxic action on the cell (Phillips, 1990). i~1 
Additionally, in a whole organism, the physical and chemical characteristics .~ 
Ithat determine how a compound is distributed and metabolised in the body I 
would modulate the ability of a compound to act as a general cytotoxicant, and 	 I 
the interferance of chemicals with specific physiological functions and 	 I I 
I
systems could be important in the cause of toxicity or death and might be 
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achieved by properties different from those causing membrane damage III 
cultured cells. 
So, cell-based bioassays, such as those employed in this study, tend to 
be less sensitive than whole fish bioassays, although the toxicity data from 
many cell-based techniques has been shown to correlate well with whole fish 
toxicity data. Therefore, in vitro tests can provide baseline data on the general 
effects of compounds on cells, although the correlations between cytotoxicity 
and acute lethal toxicity for groups of unrelated compounds are not good 
enough for the in vitro toxicity data alone to provide a reliable estimate of 
likely in vivo toxicity. There is a realisation that indicator systems giving rapid 
toxicity assessment are required because they are rapid and cost-efficient, easy 
to maintain, and require less equipment and labour than conventional tests. A 
I 
I 
suite of such tests, incorporating a range of cell types with differing functions 
(e.g. hepatocytes or epithelial cells) could usefully be applied as a screening 
procedure or could be used to rank chemicals in order of toxicity. More 
importantly, the development of rapid toxicity tests of less than 1 h duration 
has been favoured by the Environmental Agency as an effective means of 
assessing effluent variability, enabling the design of better sampling 
programmes that can be tailored to the toxic effect of concern (Wharfe & 
Tinsley, 1995). 
18{) 
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APPENDIX I: Sub-Culturing of the Algal Culture Collection 
Purpose of procedure: 
Maintenance of viable, active cultures for use as test organisms. 
Constituents of media: 
Compound 
Sodium nitrate 
NaN03 
diPotassium hydrogen phosphate 
K2HP04·3H2O 
Magnesium sulphate 
MgS04·7H2O 
Calcium chloride 
CaCI2·2H2O 
Citric acid 
C(OH)(COOH)(CH2·COOHh·H2O 
Ferric ammonium citrate (brown) 
EDTA, sodium magnesium salt 

NaMgEDTA 

Sodium carbonate 

Na2C03 

Table 1: Macro-constituents 
Amount Amount 
(gIL) (gilD L) 
1.50 15.0 
0.04 0.4 
0.075 0.75 
0.036 0.36 
0.006 0.06 
0.006 0.06 
0.001 0.01 
0.020 0.20 
Compound 	 Amount (giL) 
Boric acid, H3B03 2.860 
Manganese (II) chloride, MnCl2.4H2O 1.810 
Zinc sulphate, ZnS04.7H20 0.222 
Sodium molybdate, NaMo04.2H2O 0.390 
Cobolt (II) nitrate, CO(N03)2.6H20 0.049 
Table 2: Micro-constituents 
Procedure 
Preparation of Solutions: 
i) Using a measuring cylinder (1 Lor 2 L) pour 2000 ml ofRO water into a 
beaker (3 L) containing a stirring bar. 
ii) Commence stirring of the solution by switching on the stirrer. 
iii) Weigh out each of the macro-constituents as listed in Table 1 (i.e. weights 
indicated for the preparation of 10 L of media). Add each chemical one at 
a time to the stirring solution. Each chemical should be dissolved before 
the next is added otherwise they will not dissolve, even during 
autoclaving. 
iv) Pour the prepared 2 L solution into a 10 L plastic container and top up to 
10 L with RO water. Shake or stir the macro-constituent solution and 
store immediately in the fridge at 4 °e. The solution can be stored thus for 
3 months without sterilisation. 
v) 	 Using a measuring cylinder (l L) pour 1000 ml ofRO water into a beaker 
(2 L) containing a stirring bar. Weigh out each of the micro-constituents 
as listed in Table 2 and add each chemical one at a time to the stirring 
solution. Due to the small quantity of micro-constituents required, alL 
stock solution may be made up (in RO water) and stored in the fridge at 
4°C, for up to a year. The required addition of 1 ml per litre can be added 
as and when required. 
-------------~; 
II 
Preparation of Media Flasks: 
i) 	 Measure 100 ml of the macro-constituent solution in a measuring cylinder 
(100 ml or 250 ml) and then pour into a clean conical flask (250 ml). 
ii) Place a bung (non-absorbent cotton wool) in the neck of the flask to seal it. 
iii) Cover the bung and the neck of the flask with aluminium foil and stick a 
small piece of autoclave indicator tape on top of the foil. 
iv) Repeat i)-iii) as necessary until sufficient flasks are prepared. 
v) Pour approximately 50-80 ml of the micro-constituent solution into a clean 
conical flask (loa ml). 
vi) Place a bung (non-absorbent cotton wool) in the neck of the flask to seal it. 
vii) Cover the bung and the neck of the flask with aluminium foil and stick a 
small piece of autoclave indicator tape on top of the foil. 
viii) Label each flask with the solution name, the date and the initials of the 
operator. 
ix) Autoclave the flasks for 30 minutes at 117°C. If successfully sterilised, 
the indicator tape will be striped black. 
x) When cooled to room temperature the flasks can be stored in a fridge at 4 
°C until required. 
Mixing of Macro- and Micro-constituents: 
i) 	 Sterilise a flow cabinet by swabbing down with 2 % stericol. 
ii) 	 Remove the required number of flasks (containing the macro-constituent 
solution) and the flask containing micro-constituent solution and place in 
the flow cabinet to equilibrate to room temperature. 
iii) 	Remove the foil covers from all of the flasks. 
IV) 	Remove the bung from the flask containing micro-constituents and flame 
the neck over a Bunsen (blue, roaring flame). 
v) Remove 100 III of the micro-constituents from the flask using a sterile 
pipette tip and a Gilson Pipetman. 
vi) Flame the neck of the flask as before and replace the bung. 
iii 
vii) Remove the bung from one of the flasks containing macro-constituents 
and flame the neck over a Bunsen, as before and pipette in the 100 III of 
micro-constituents. 
viii) Flame the neck of the flask and replace the bung. 
ix) Repeat steps iv)-viii) until micro-constituents have been added to all the 
macro-constituent flasks. Gently shake the flasks to mix the solutions. 
The BG-l1 media is now complete and ready to use. 
Inoculation of Media Flasks: 
i) Label the flasks with the name of the culture (algal species), initials of the 
operator and date. 
ii) Take a stationary phase culture (14-21 day's growth) as an inocula source 
and place in the flow cabinet. 
iii) Remove the bung from the stationary phase flask and flame the neck over 
a Bunsen, as before. 
iv) Remove a 5 ml aliquot of the stationary phase culture, using a sterile 
pipette tip and a Gilson Pipetman. 
v) Flame the neck of the flask as before and replace the bung. 
vi) Remove the bung and flame the neck of one of the media flasks, as before 
and pipette in the 5 ml of culture. 
vii) Flame the neck of the flask and replace the bung. 
viii) Dispose of the used pipette tip in a 2 % Stericol filled disposal pot. 
ix) The inoculation is now complete. Steps i)- viii) can be repeated as many 
times as is necessary in order to sub-culture all the flasks of interest. 
Innoculation of Flasks: 
i) Place each inoculated flask in an incubated shaker cabinet (150 r.p.m., 
26°C). 
ii) Cultures in regular use should be sub-cultured as described on a regular 
basis (every 1-2 weeks). 
iii) Written records of sub-cultured algae should be kept. 
iv 
APPENDIX IIa: Preparation of Growth (GMEM) and 
Maintenance (MMEM) Media for Fish Cell 
Culture 
Purpose of procedure: 

To prepare media for the growth and maintenance offish cclllincs. 

Constituents of GMEM and MMEM media: 
Chemical Source Product Code Conc. Amount (mill) 
BHK21 Gibeo 1254 I -025 - 80 
NaHC03 Gibco 25080-060 7.5% 3.7 
L-glutamine Gibeo 25030-032 200mM 5.0 
Trizma base t Sigma T-1503 1M 18.8 
HClt BDH 262745P 1M 10.0 
Tryptose Sigma T-8782 - 100 
phosphate broth * 
FCS'" APP A8-302-1O - 100 (in GMEM) 
20 (in MMEM) 
penicillin G· Sigma P-3414 10,000 units/ml 10.0 
streptomycin • Sigma 8-0890 10 mg/ml 10.0 
t 	 Trizma base is made up using 12. I g per 100 ml oflaboratory grade water and is stored at 
0-4°C. 
t 	 HCI is made up using 8.6 ml of technical grade HCI added to 91.4 ml of laboratory grade 
water. 
* 	 Tryptose phosphate broth is made up as a solution, using 2.95 g in 100 ml of distilled 
water. 
"'" 	 FCS is stored at -20°C; FC8 is delivered frozen and if partial thawing has occurred, it 
should be thawed totally, mixed gently and subsequently re-frozen. 
• 	 Both penicillin and streptomycin are made up using 10 m! of sterile, laboratory grade 
water per pot of antibiotic; the water is injected through the septum of the pot using a 
hypodermic needle. 
v 
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Procedure 
ii) Switch on laminar flow cabinet at least 30 min prior to use; remove 
glutamine solution and fetal calf serum from freezer. 
ii) Prepare solutions of Trizma base (1 M) and Hel (1 M) as outlined on p.l. 
iii) Add the following constituents to a conical flask (2 I volume) in the 
quantities given above for 1 1 of media: NaHC03; Trizma base; Hel. 
Measure approximately 722 ml of laboratory grade water, using a 
measuring cylinder (11), and add to the conical flask. Mix the constituents 
by gently swirling the flask. 
iv) Use a fresh glass bottle or conical flask for the preparation of the tryptose 
phosphate broth solution as outlined on p.l. 
v) 	 Autoclave the conical flask (2 1) and the tryptose preparation, together 
with a separate bottle containing approximately 30 ml of distilled water 
(for the preparation of the antibiotic solutions), a 100 ml capacity 
measuring cylinder (required for measuring the BHK 21) and 2 glass 
media bottles (500 ml of media is dispensed per bottle). Autoclave these 
items at 121 °e for 15 minutes. 
vi) Transfer autoclaved items to a sterile working environment, i.e. laminar 
flow cabinet and leave to cool. 
vii) Add the tryptose phosphate broth to the other constituents in the 2 I 
conical flask. 
viii) Add the BHK 21 and L-glutamine to the conical flask in the appropriate 
quantities (as p.l). Swirl the contents of the conical flask gently to mix 
them. 
ix) Attach a Nalgene™ 45 rum sterile membrane filter unit (0.2 /lm; cellulose 
acetate) to an autoclaved media bottle. 
x) 	 Filter 450 ml of the media under a vacuum into each of the media bottles. 
xi) Dissolve the antibiotics by addition of 10 ml of sterile, laboratory grade 
water to each pot: use a hypodermic needle to pierce the septum of the 
pot, as the vials are vacuum packed. 
N.B. Special care must be taken when handling hypodermic needles. 
vi 
• 
xii) Use the hypodennic needle to transfer 5 ml of each antibiotic into each 
bottle of media. 
xiii) Add FCS to each bottle of media in the appropriate quantities: 50 ml per 
bottle for GMEM; 10 ml per bottle for MMEM). 
xiv) Shake the media gently in the bottles and store at 0-4 °C until required. 
vii 
APPENDIX lIb: Protocol for the Splitting of EPC 
(epithelioma papulomum cyprini) and BF-2 
(bluegill (Lepomis macrochirus) fibroblasts 
originating from caudal trunk) Fish Cell 
Lines 
Purpose of procedure: 
Regular splitting or sub-culturing to ensure continuous metabolic activity. 
Note: The EPe cell line can be left for up to one month under the growth 
conditions described, although splitting can be done once per week if required 
(a lower split ratio may be required depending on the confluency of the 
monolayer). The BF-2 cell line requires splitting once per week. See point 2 
under main text of procedure. 
Reagents: 
1) Growth medium (GMEM) is made up as described in Appendix IIa and is 
stored in the fridge (- 0-4 °C) 
2) Phosphate buffered saline (PBS) is made up by dissolving the constituents 
(below) in laboratory grade water, to make 1 I of solution. 
Chemical Grade Amount (g) 
sodium chloride (NaCl) analytical 8.0 
potassium chloride (KCl) analytical 0.2 
potassium dibydrogen phosphate (KH2P04) analytical 0.2 
di-sodium hydrogen phosphate analytical 2.314 
(Na2HP04·12H20) 
The solution is split into 100 ml aliquots in glass bottles and subsequently 
autoclaved (121 °C, 15 min). The sterile solution is stored at room 
temperature. 
viii 
3) 	 T rypsiniEDT A solution is made using sterile trypsin (2.5 %, Gibco) and a 
separately prepared EDTA (disodium salt) solution (0.04 %). 
The 2.5 % sterile trypsin solution is diluted with sterile PBS in a I + 5 
ratio to give a ~ 0.42 % trypsin concentration (20 ml trypsin + 100 ml 
PBS). A 0.04 % EDTA solution (0.04 gllOO ml; 0.048 gl120 ml) is 
prepared in PBS and autoclaved (121 °C, 15 min). 
The trypsin and EDTA solutions are combined 1: I to give a 0.21 0'0 
trypsin in 0.02 % EDTA; 120 ml of each solution gives a total of 240 ml. 
which is split into 60 bijoux (4 mlltube) and these are stored in a freezer 
Main text of procedure: 
1) 	 Switch on laminar flow cabinet approximately 30 minutes prior to use. 
All subsequent procedures are carried out aseptically. 
2) 	 To deternline the extent of monolayer growth, use an inverted microscope 
to view the cells. If the cells have formed a confluent layer the split ratio 
will be 1 :4; if the layer is not confluent, splitting can still be performed, 
using ratios of 1:3 or 1 :2. 
3) 	 Remove all solutions required for the splitting procedure from their 
respective storage areas to the laminar flow cabinet and allow them to 
equilibrate to the ambient temperature; also remove flasks containing the 
cells to be split at this time. 
4) 	 Place four new culture flasks and one sterile Pasteur pipette with bent tip 
in the flow cabinet, together with the solutions to be used during the 
procedure. 
5) 	 Pour 100 ml of sterile growth medium (GMEM) into one of the new flasks 
and set aside. 
6) 	 Flame the sterile Pasteur, ready for use. 
7) 	 Invert the flask containing the cells to be split so that the cell layer (reverse 
sid.e of the flask) is uppermost and pour off the old media into a waste 
beaker (to be autoclaved). 
ix 
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APPENDIX IV: Statistical Analyses of Biosensor Responses 
a) Effect of Culture Age on Biosensor Response 
Single Factor Anova 
Group 1 
168-192 h 
0.785 
1.264 
Group 2 
216-264 h 
2.472 
2.687 
2.441 
Group 3 
336-384 h 
1.788 
1.212 
1.122 
Group 4 
528-576 h 
1425 
1974 
1.902 
SUMMARY 
Groups 
Grp 1 
Grp 2 
Grp 3 
Grp4 
Count 
2 
3 
3 
3 
Sum 
2,05 
7,60 
4,12 
5,30 
Average 
1,02 
2,53 
1,37 
1,77 
Variance 
0,11 
0,02 
0,13 
0,09 
ANOVA 
Source of Variation SS df MS F P-value F-crit 
Between Groups 
Within Groups 
3,32 
0,59 
3 
7 
1,11 
0,08 
13,127 0,003 4,347 
Total 3,91 10 
The P-value in this case occurs between 0.01-0.001 (1 and 
0.1 % levels), i.e., at 0.003. This gives strong evidence to show that 
differences observed between the four grouped responses are 
significant (meaning they are greater than the differences observed 
within the groups). The F-crit is the value given for significance at the 
0.05 (5 %)Jevel, for 3 and 7 degrees of freedom. 
Xlll 
Two-Sample t-test Assuming Unequal Variance 
Grp 1 Grp 2 
Mean 1.024 2.533 
Variance 0.114 0.018 
Observations 2 3 
Hypothesized Mean Difference 0 
df 1 
.................................. , ...... " ...................................._....................... . .... -......................... . 

It Stat -6.004 
P(T<:::t) one-tail 0.053 
t Critical one-tail 6.314 
P(T<:::t) two-tail 0.105 10.5 % 
t Critical two-tail 12.706 
Grp2 Grp3 
Mean 2.533 1.374 
Variance 0.018 0.130 
Observations 3 3 
Hypothesized Mean Difference o 
df 3 
It Stat 5.212 
P(T <=t) one-tail 0.007 
t Critical one-tail 2.353 
P(T <=t) two-tail 0.014 1.4 % 
t Critical two-tail 3.182 
Grp 1 Grp4 
Mean 1.024 1.767 
Variance 0.114 0.089 
Observations 2 3 
Hypothesized Mean Difference o 
df 2 
•••• oa ......................._ ......... u ............ u .................... _ ..........................................u ........._ ......................~•••• ' 

It Stat -2.520 
P(T <=t) one-tail 0.064 
t Critical one-tail 2.920 
P(T <=t) two-tail 0.128 12.8 % 
t Critical two-tail 4.303 
XIV 
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I 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
.. , ..................... ". ............ ...... ................ -..... .......... 

It Stat 
P(T<-t) one-tail 
t Critical one-tail 
PiT<-t) two-tail 
t Critical two-tail 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
......u·······.····.·.·····.· ........................ u .................... u ...... 

It Stat 
P(T<-t) one-tail 
t Critical one-tail 
P(T <=t) two-tail 
t Critical two-tail 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T <=t) one-tail 
t Critical one-tail 
P(T <=t) two-tail 
t Critical two-tail 
Grp3 Grp4 
1374 1.767 
0.130 	 0.089 
3 3 
0 
4 
_....... ~.. ........ ............. ,............. . 

-1.454 
0.110 
2.132 
0.220 22.0 % 
2.776 
Grp 1 Grp 3 
1.024 1.374 
0.114 	 0.130 
2 3 
0 
2 
_.......... u ............................................. . 

-1.101 
0.193 
2.920 
0.386 38.6 % 
4.303 
Grp2 Grp4 
2.533 1.767 
0.018 	 0.089 
3 3 
o 
3 
4.054 
0.014 
2.353 
0.027 2.7% 
3.182 
** At the 5 % level, Grp 2 is significantly different from both Grp 3 and 
Grp4. 
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b) Effect of SF-2 Cell D 'ty B'enSI on IOsensor Response Inhibition bv 

Dichromate ­
Single Factor Anova 
Group 1 Group 2 Group 3 Group 4 
106(104 ± 2.7) x (27.6 ± 5.4) x 106 (56.4 ± 5.2) x 106 (91.9 ± 32.2) x 106 

cells ml"l 
 cells mr1 cells mrl cells mr1 
48.6 60.6 69.8 47.1 
38.2 61.2 51.1 608 
38.7 563 50.0 
57.7 571 
53.6 53.1 
SUMMARY 
Groups Count Sum Average Variance 
Grp 1 5 236.8 47.36 76.57 
Grp2 5 288.3 57.66 11.03 
Grp 3 3 170.9 56.97 123.82 
Grp4 2 107.9 53.95 93.84 
ANOVA 
Source of Variation SS df MS F P-value F-crit 
Between Groups 311.35 3 103.78 1.650 0.235 3.587 

Within Groups 691.92 11 62.9 

Total 1003.27 14 
The P-value here is calculated as 0.235, i.e., 23.5 %, This 
implies that the differences observed between the four grouped 
responses are not significant (at 5 % level). The F-crit is the value 
given for significance at the 0.05 (5 %) level, for 3 and 11 degrees of 
freedom. 
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c) Toxicity of 4-Chlorophenol to fuc-Transformed BF-2 Cells 
i) Single Factor Anova : results from 5 min 4-CP exposure 
Group 1 Group 2 Group 3 Group 4 Group 5 
untransformed controls 5 ppm 50 ppm 500 ppm 
cells 
126 650 950 600 690 
128 1300 850 870 580 
SUMMARY 
Groups Count Sum Average Variance 
Grp 1 2 254 127 2 
Grp2 2 1950 975 211250 
Grp 3 2 1800 900 5000 
Grp4 2 1470 735 36450 
Grp 5 2 1270 635 6050 
ANOVA 1 (including controls) 

Source of Variation SS df MS F P-value F-crit 

Between Groups 892254.4 4 223063.6 4.31 0.07 5.19 
Within Groups 258752 5 51750.4 
Total 1151006.4 9 
This ANOVA was looking for significant differences between the 
luminescent responses of untransformed cells, transformed controls 
and transformed treatments (exposed to 4-CP for 5 minutes). The P­
value here is calculated as 0.07, i.e., 7 %. This implies that the 
differences observed between the five treatments are not significant (at 
5 % level). 
xvii 
Another ANOVA was done, excluding Grp 2 data, i.e. that 
obtained from transformed control cells, since the variation associated 
with this group was SUbstantial. This was done to determine whether 
the differences between transformed treatments and untransformed 
cells were significant. 
ANOVA 2 (excluding controls) 
Source of Variation SS df MS F P-value F-crit 
Between Groups 666353.5 3 222117.8 18.7 0.01 6.59 

Within Groups 47502 4 11875.5 

Total 713855.5 7 
The P-value is now calculated as 0.01, i.e., 1 %, implying that 
there are significant differences between the treaments when the 
control group is omitted from the test. 
ii) Single Factor Anova : results from 30 min 4-CP exposure 
Group 1 Group 2 Group 3 Group 4 Group 5 
untransformed controls 5 ppm 50 ppm 500 ppm 
cells 
87 1210 539 310 326 
127 591 549 343 294 
SUMMARY 
Groups Count Sum Average Variance 
Grp 1 2 214 107 800 
Grp2 2 1801 900.5 191580.5 
Grp 3 2 1088 544 50 
Grp4 2 653 326.5 544.5 
Grp 5 2 620 310 512 
XVlll I 
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ANOVA 1 (including controls) 

Source of Variation 55 df MS F P-value F-crit 

Between Groups 727037.4 4 181759.4 4.7 0.06 5.19 
Within Groups 193487 5 38697.4 
Total 920524.4 9 
I 
This ANOVA was again looking for significant differences 
between the luminescent responses of untransformed cells, 
transformed controls and transformed treatments (this time exposed to 
4-CP for 30 minutes). The P-vafue here is calculated as 0.06, i.e., 6 %. 
This implies that the differences observed between the five treatments 
are not significant (at 5 % level). 
i 
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I 
A second ANOVA was done, again excluding Grp 2 data, i.e. 
that obtained from transformed control cells, since the variation 
associated with this group was substantial. This was done for the same 
reasons as in i). 
ANOVA 2 (excluding controls) 

Source of Variation 5S df MS F P-vafue F-crit 

Between Groups 191346.4 3 63782.13 133.82 0.0002 6.59 
Within Groups 1906.5 4 476.625 
Total 193252.9 7 
The P-value is now calculated as 0.0002, i.e., 0.02 %, implying 
that there are significant differences between the treatments when the 
control group is omitted from the test. 
XIX 
iii) Two Sample t-test Assuming Unequal Variance: results from 5 min 
I 
! 

I 

I 

4-CP exposure 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T <=t) one-tail 

t Critical one-tail 

P(T <=t) two-tail 

t Critical two-tail 

Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T <=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T<=t) one-tail 
t Critical one-tail 
P(T <=t) two-tail 
t Critical two-tail 
Grp 1 
127 

2 

2 

a 
-1546 
0.02 
6.31 
0.04 
12.71 
Grp 1 
127 

2 

2 

a 
-4.50 
0.07 
6.31 
0.14 
12.71 
Grp1 
127 

2 

2 

0 

1 

-9.23 
0.03 
6.31 
0.07 
12.71 
xx 
Grp3 
900 
5000 
2 
4 % ** 
Grp4 
735 
36450 
2 
14% 
Grp5 
635 
6050 
2 
7% 
, 
_______ ,,",.,!I 
- i!> ~ 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T<-t) one-tail 

t Critical one-tail 

P(T<-t) two-tail 

t Critical two-tail 

Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T <=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
Mean 
Variance 
Observations 
Hypothesized Mean Difference 
df 
It Stat 
P(T <=t) one-tail 
t Critical one-tail 
P(T <=t) two-tail 

t Critical two-tail 

Grp3 
900 

5000 

2 

0 

.- ................................ 

115 
0.23 
6.31 
0.46 
12.71 
Grp3 
900 
5000 
2 
o 
2 
3.57 
0.04 
2.92 
0.07 
4.30 
Grp4 
735 
36450 
2 
0 
1 
0.69 
0.31 
6.31 
0.62 
12.71 
Grp4 
735 
36450 
2 
46% 
Grp 5 
635 
6050 
2 
7% 
Grp5 
635 
6050 
2 
62% 
** At the 5 % level, Grp 1 is significantly different from Grp 3. 
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Grp3 Grp4 
Mean 544 326.5 
Variance 50 544.5 
Observations 2 2 
Hypothesized Mean Difference 0 
df 
........... " ............... -.............................. 

.................. 

It Stat 12.62 ] 
P(T <=t) one-tail 0.03 
t Critical one-tail 6.31 
P(T <=t) two-tail 0.05 5% ** 
t Critical two-tail 12.71 
Grp3 Grp 5 
6
~ 
1 	 Mean 544 310 

Variance 50 512
I 
I 	 Observations 2 2 
-!ii" 
I Hypothesized Mean Difference 0 df ............................................. ................................ ....................... 

,-J.' 
I It Stat 13.96 
P(T <=t) one-tail 0.02 
t Critical one-tail 6.31 
P(T <=t) two-tail 0.05 50/0 ** 
t Critical two-tail 12.71 
Grp4 Grp5 
Mean 326.5 310 
Variance 544.5 512 
Observations 2 2 
Hypothesized Mean Difference o 
df 2 
It Stat 0.72 
P(T <=t) one-tail 0.27 
t Critical one-tail 2.92 
P(T <=t) two-tail 	 0.55 55%It Critical two-tail 	 4.30 
** 	 At the 5 % level, Grp 1 is significantly different from Grps 3,4 and 5; 
additionally, Grp 3 is significantly different from Grps 4 and 5. 
• 
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APPENDIX V: 	 Redox mediated Biosensors Incorporating 
Cultured Fish Cells for Toxicity Assessment 
Puhlication: 	 Polak, M., Rawson, n.M. and Haggett, B.G.D. (1996). 
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